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ABSTRACT 
The condition for the onset of convective 
instability in a water-saturated, fault or fracture 
sone in which the permeability is anisotropic is 
derived. For the case in which the walls of the 
fault are assumed to be insulated, impermeable 
boundaries the results show that if the permeability 
ratio, y - KvAth is less than unity, the critical 
Rayleigh number is substantially less than for an 
isotropic medium; whereas if Y is greater than 
unity the critical Rayleigh number is greater than 
for an isotropic medium. The flow takes the form 
of rolls with axes parallel to the short side of 
the box, the number of rolls contained in the fault 
zone depend upon the fault zone geometry 
(length/depth ratio) 	as well as upon the 
permeability ratio y The number of rolls 
increases as yincreases. 
The convection model is a applied to the 
linear, fault-controlled array of hot springs in 
the Double Hot Springs area of northern Nevada. If 
the spring system is a manifestation of roll-like 
convection within the fault, the results suggest 
that y>1. 
INTRODUCTION 
Natural geothermal systems consist prinicpally 
of a sub-surface heat source and a groundwater 
circulation system. In most cases little is known 
concerning the details of the ultimate heat 
source; and, fortunately, this lack of information 
is not critical to the development of the 
resource. The energetics of natural geothermal 
systems, i.e., the amount of energy available and 
the rate at which it can be extracted, is 
primarily dependent upon the patterns of convective 
circulation within the reservoir rock and the 
mechanism of heat transfer between the heated rock 
and the circulating groundwaters. The convection 
patterns are, in turn, largely controlled by the 
nature and distribution of permeability within the 
reservoir. 
The permeability of crustal rocks is often 
tectonically controlled; that is, it is due to 
fractures and faults rather than to interconnected 
pore spaces within the rock volume. In many known 
geothermal systems, the permeability is of this 
type. In the Basin and Range, for example, the  
known geothermal systems appear to be controlled 
by long, deep, nearly vertical fault zones (Hose 
and Taylor, 1974). These zones of high 
permeability may have a linear extent of tens of 
kilometers and depths of several kilometers with 
widths of only tens or hundreds of meters. 
Moreover, as a result of the regional stress 
pattern, the permeability of the fault or fracture 
zone may be anisotropic. That is, the horizontal 
and vertical permeabilities may be unequal. 
It is important, therefore, to understand the 
condition for the convective processes in fault 
and/or fracture zones. The purpose of this paper 
is to derive the condition for the onset of 
convection in a long, deep, but narrow, vertical 
fault zone with anisotropic permeability. The 
results will be applied to the Double Hot Springs 
region, of northern Nevada. 
ANALYSIS 
The condition for the onset of convection in 
a homogeneous, isotropic, horizontal, fluid-satu-
rated porous slab, heated from below derived by 
Lapwood (1948) has formed the basis for convective 
instability analyses in permeable, porous media. 
Lapwood showed in a slab of thickness h, bounded 
by impermeable horizontal planes, and in which the 
bottom temperature was kept higher than the 
surface temperature, such that a thermal gradient, 
B, was mailtained, correction would occur provided 
R =cfsaBh`R/vA > 4 z . R is called the Rayleigh 
parameter and pbs, a, v are the density, specific 
heat, thermal expansion coefficent, and kinematic 
viscosity of the fluid, respectively; K, A are the 
permeability and thermal conductivity of the rock, 
respectively; and g is the acceleration due to 
gravity. Since then, the critical condition for 
materials with temperature dependent properties 
(Kassoy and Zebib, 1975; Straus and Schubert, 
1977) and analyses of finite amplitude convection 
systems (e.g. Donaldson, 1962; Blooding, 1963; 
Straus, 1974) have been carried out. Moreover, 
there have recently been analyses of the onset of 
convection in a closed rectangular container of 
water-saturated permeable materials. Beck (1972) 
and Hoist and Aziz (1972) have assumed insulated 
walls; Lowell and Shyu (1978), Shyu (1979), and 
Murphy (1979) have assumed conducting walls. The 
results indicate that the presence of vertical 
confining walls significantly affects the critical 
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condition and the form of the convection cells at 
the onset of instability. The critical number is 
particularly high for containers with a fault-like 
geometry, in which one horizontal dimension is 
much smaller than the height and the other 
horizontal dimension, if the long side walls are 
conducting. 
The condition for the onset of convection for 
a container in which the permeability is 
anisotropic is carried out below. Both the 
insulated and conducting wall cases are derived. 
Wooding (1976) has considered the effect of 
anisotropic permeability in an infinite horizontal 
slab. 
A. 	Equations and Boundary Conditions  
Consider a model fault zone as a rectangular 
slab of water-saturated, porous material imbedded 
in impermeable rock. Let the height of the porous 
zone be L and the horizontal dimensions be 
L and L .
z 
 Let a uniform geothermal gradient, 8, 
O applied to the material such that the 
temperature at the upper surface is T - 0 and at 
the lower surface T - To 
 (T
o 
 > 0). 
Assuming a Cartesian coordinate system with 
the axis defined positively downward, the 
linearized, steady state perturbation equations 
are:  
where 	(Ko/K3) (v/vd; y i K3/K 1 ; y 2 = K3/K2 
and K - p sank /v A 
f 	zoo 
Equations (4) and (5) have been derived by Wooding 
(1976) for the case of an infinite horizontal 
porous layer. To determine the onset of 
convection in a box-like region equations (4) and 
(5) must be solved subject to the boundary 
conditions: 
u . n - 0 at all walls 	 (6) 
T - 0 at z - 0, 1 	 (7) 
The temperature conditions on the vertical walls 
will be either 
aT/ax - 0 at x - 0, a 	a - L /L z 
WT/ay ■ 0 at y = 0, b 	b = L /L 
y z 
for insulated walls or 


















 0 (2) 
V.0 	= 0 	 (3) 
where the * refers to dimensional perturbation 
quantities and where all the parameters are 
defined as previously. WA is the vertical 
velocity; P* the pressure perturbation; ti* the 
velocity vector. Note that K is now treated as a 
tensor. Non-dimensionalizing the above equations 
by using L as a length scale, T as a 
scale, le, and a reference mean an flow 
q - gK oTo/ v , where Ko ,v o refer to values 
at the top of tRe layer; and eliminating P* from 
the equations gives 
Rw - V
2
T 	 (4) 
aa(aw/az)/az 	+ {(1/y 1 )a2 /ax2 + 	(5) 
(1/y2 )a2/ay2 ) (T + ow) - 0 
T = 0 	at y = 0; b 
corresponding to conducting walls on the boundary 
parallel to the strike of the fault. 
For convenience it will be assumed that 	1. 
This corresponds to the situation in which a 
decrease in viscosity with increasing temperature 
(depth) is matched by a decrease in permeability 
with depth, which is not an unrealistic 
assumption. Furthermore, the horizontal permeabil-
ities will be assumed to be the same. Thus y l 
'Y 2 	Y. 
B. Insulated Boundaries 
Combining equations (4) and (5) into a single 
equation for T and substituting a solution of the 
form 
T - T(z)cosamcos8Y 
where a mm pa; B - n71//b gives 




where D represents d/dz. Letting i ■ - siniTz in 
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R = r2 (yh + m2/a2 + n2 /b2 ) 2 	 (11) 






The problem is now to find the minimum value of R 
for a given y, a, b and to determine the cell 
pattern at the minimum Rayleigh number. It is 
noted that (11) reduces to the isotropic case of 
Beck (1972) by letting y - 1 and to the infinite 
slab case of Wooding (1976) if a,b are allowed to 
approach infinity. 
Rather than treat the full range of box 
geometries, only the special case of a fault-like 
geometry will be considered. Then, a>1 and b<<1. 
In this case a cursory examination of (11) reveals 
that Rc 
will occur for n - O. That is, the cell 
will take the form of rolls with their axes 
parallel to the shorter side of the container. 




(Y(1 + 12) + g2 + 1) 	(12) 
Table 1 gives the critical Rayleigh number 
R
c 
and the number of rolls contained in the fault 
zone for several values of anisotropy and for 
fault lengths up to 4 times the depth. The 
results in Table 1 show that if the horizontal 
permeability is greater than the vertical (y< 1), 
the critical Rayleigh number is reducei substan-
tially from the isotropic value of 4w ; and that 
if y > 1, the critical Rayleigh number is increased 
substantially. Moreover, the results indicate a 
Lowell 
remarkable change in aspect ratio as the 
anisotropy changes from Y < 1 to Y > 1. For 
example, if a - 2, there is only one roll present 
at R - R for Y - 0.1; whereas there are two 
rolls for isotropic materials, and four rolls for 
Y - 10. 
C. Conducting Boundaries 
If the long sides of the box are conducting, 
the conditions (9) lead to non-separable solutions. 
An approximate solution may be found, however, 
(Lowell, 1977) by assuming a solution of the form 
T - T(z) coscix silly 
The equation for the Rayleigh number (11) is 
identical to the case for insulated walls; 
however, the solution n - 0 is no longer permitted 
since that would correspond to T - O. The minimum 
Rayleigh number is now found with n - 1 and an 
appropriate value of m. The solution (m,n) -
(0,1) corresponds to a flow which rises everywhere 
so one must choose m > 0, n - 1. An examination 
of (11) with b<<a and n - 1 is found to be roughly 
indenpendent of m. Hence the critical number can 











 , except for except- 
ionally large values of Y. Thus, if the walls are 
conducting, the anisotropy has a negligible effect 
on the critical Rayleigh number. The approximate 
solution indicates, however, that conducting walls 
give rise to a rectangular, 3-dimensional cell 
TABLE 1. CRITICAL RAYLEIGH NUMBERS AND MODE 
FOR. SEVERAL VALUES OF ANISTROPY AND FAULT ZONE LENGTH 
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pattern instead of 2-dimensional rolls. This is 
because m,n#0 implies that all three velocity 
components are non-zero (but see Murphy, 1979). 
DISCUSSION 
The application of the highly idealized fault 
zone convection model derived here to a complex 
natural geothermal system is indeed difficult. In 
fact, the thermal boundary conditions may even be 
erroneous; or to be more precise, the boundary 
conditions may change in time. That is, if the 
fault :. zone is very narrow, conduction through the 
side walls may be quite important; and the 
condition of conducting walls may be the most 
appropriate for calculating the onset of stability. 
As pointed out by Murphy (1979) most faults may be 
stable to spontaneous convection due to the high 
critical number required in the presence of 
conducting walls. However, convection may be 
forced by tectonic movement on the fault, by tidal 
breathing, or by hydraulically driven flow in the 
fault due to hydrostatic pressure differences. If 
forced convection occurs, heat transfer across tht L 
 walls lowers the thermal gradient in time as t 
(Carslaw and Jaeger, 1959). Hence, in time, the 
walls take on the appearance of being insulated, 
and free convection is more likely to occur. A 
more detailed discussion of delayed free convection 
is given by Murphy (1979). 
Nevertheless, despite these real-world diffi-
culties, it is useful to try to apply the analyti-
cal results to observational data. One possible 
application may be found in the Basin and Range 
Province where observations indicate that the 
geothermal systems are often fault-controlled. 
Hose and Taylor (1974) point out that the Double 
Hot Springs area west of the Black Rock Range in 
northern Nevada consists of approximately seven 
springs (or seeps) which emerge at a rather 
regular spacing along a linear trend of about 10 
km. The springs are spaced at roughly 1.5 km and, 
based on regional thermal gradient data, geochemi-
cal data indicate that the springs have a fairly 
uniform circulation depth of about 3 km. Thus, if 
the spring system is a manifestation of roll-like 
convection within the fault, the somewhat small 
aspect ratio (cell wavelength vs. depth) suggests 
that the permeability of the fault zone may be 
anisotropic: the vertical permeability may be 
greater than the horizontal. 
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open fractures, including the effects of transverse temperature 
gradients and a parabolic velocity profile has been begun. 
Publications: The Onset of Convection in a Fault Zone: Effect of 
Anisotropic Permeability, Transactions, Geothermal Resources Council 
Annual Meeting, Reno, Nevada, September 1979, p. 377-380. 
Problems Encountered: 	None at this time. 
Significant Changes in Plans: None at this time. 
Actions Required by Government: Due to the severe delays in initiating 
the numerical program a no cost time extension of several months will be 
required to bring the research program to a satisfactory completion. A 
formal request for such an extension is being sent to the Contracts and 
Administration Section. 
Equipment Acquired: None 
Respectfully submitted, 
Robert P. Lowell 
Associate professor 
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fracture spaces. The initiation and time development of the physical 
processes are to be studied on the basis of mathematical-physical 
approximation methods and numerical techniques. The results are to be 
interpreted with regard to known geothermal systems in the Basin and 
Range Province and other regions where major faults or fractures are the 
dominant controlling structures. 
Major Accomplishments: Numerical modeling of convection in a fault zone 
is continuing. The computer program is not yet functional, but I expect 
results will be available in a month or so. The treatment of heat 
transfer in narrow, open fractures, including the effects of transverse 
temperature gradients and a parabolic velocity profile is continuing. 
Publications: None 
Problems Encountered: 	None at this time. 
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studied on the basis of mathematical-physical approximation methods and 
numerical techniques. The results are to be interpreted with regard to 
known geothermal systems in the Basin and Range Province and other regions 
where major faults or fractures are the dominant controlling structures. 
Major Accomplishments: The principal emphasis over the past months has been 
on 	the development of a finite-difference model for convection in a 
fault zone. The program has been written, but the first few runs have 
not been successful due to problems with convergence. I am confident that 
this matter will be straightened out shortly and that useful results will 
be acquired. I an also carrying out some analytical computations on con-
vection with time-dependent heat transfer through the vertical walls. 
Publications: None 
Problems Encountered: None at this time. 
Significant Changes in Plans: None at this time. 
Actions Required by Government: None at this time. 
Equipment Acquired: None 
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The initiation and time development of the physical processes are to be 
studied on the basis of mathematical-physical approximation methods and 
numerical techniques. The results are to be interpreted with regard to 
known geothermal systems in the Basin and Range Province and other regions 
where major faults or fractures are the dominant controlling structures. 
Major Accomplishments: The principal emphasis over the past months has been 
on the continued development of finite difference models for convection in 
a fault zone. The numerical work is now essentially complete, the principal 
results being that finite amplitude convection in a fault-shaped porous zone 
with perfectly conducting walls tends to be three-dimensional, whereas if the 
walls are imperfectly conducting, the motion tends to take the form of two-
dimensional rolls with axes perpendicular to the strike of the fault. This 
work is being prepared by Heroel Hernandez-Cortez as an M.S. thesis in Geo-
physical Sciences and should be completed within a month. 
In addition to the numerical work, I have been developing a fracture 
model analog of the fault-zone model of Kassoy (1980). 
Publications: 	 None 
Problems Encountered: 	None at this time 
Significant Changes in Plans: None, and it looks, finally, as though nearly 
all the computer work which we hoped to do will be completed on current 
schedule. 
Actions Required by Government: 
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Title of Research Project: 	Convection in Narrow Vertical Fracture 
Spaces 
Objectives of Project: The main purpose of this project is to examine 
thermal convection in long, deep, but very narrow vertical fracture 
spaces. The initiation and time development of the physical processes 
are to be studied on the basis of mathematical-physical approximation 
methods and numerical techniques. The results are to be interpreted 
with regard to known geothermal systems in the Basin and Range and other 
areas where faults or fractures are the dominant controlling structures. 
I. Introduction 
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This document represents the first semi-annual technical report on 
our research on convection in faults and fracture zones and some related 
problems. This work represents a continuation of our effort which was 
initiated under the USGS grant number: 14-08-0001-G-365 as part of the 
Extramural Geothermal Research Program of the U. S. Geological Survey. 
The initial phase of the work was done in conjunction with Dr. G. 
Bodvarsson of Oregon State University; however, his group is not 
directly involved in the present research effort. The present research 
is being conducted under grant #: 14-08-0001-G-540. 
The principal achievements during the past six months have been to 
(1) publish two papers containing some of the main results of the 
initial research, (2) determine the condition for convection stability 
in a porous slab heated from below and with a radiative upper boundary, 
(3) develop further some aspects of the temporal evolution of thermal 
convection in fractures which were initially presented by Bodvarsson 
(1978), (4) present a talk on heat transport process in fractures at the 
Penrose Conference on "Heat Transport Processes in the Earth's Interior" 
in Vail, Colorado, November, 1978 and (5) completion of an M. S. Thesis 
by Mr. J. K. Fulford, which was partially supported by this grant. One 
of the published papers was delivered as a talk at the Geothermal 
Resources Council Annual Meeting in Hilo, Hawaii, July, 1978 and has 
since appeared in the proceedings of the meeting. Copies of the paper 
have been submitted to the USGS previously, and a complete reference is 
given in section VIII of this report. The second paper has recently 
appeared in  Letters in Heat and Mass Transfer. Reprints will be sent 
when they are available. A preprint is attached as an appendix to this 
report. 
The main body of the report which follows is divided into 
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subsections: II. General framework and objectives; III. Onset of 
convection in a porous slab with radiative boundary conditions; IV. 
Convection in faults and fracture zones; V. Temporal evolution of 
convective flow in fractures; VI. Work plan for coming report period; 
VII. Students supported and theses; VIII. Papers and publications. 
II. General Framework and Research Objectives  
The energetics of geothermal systems depends fundamentally upon 
patterns of heat transport and fluid flow within heated, highly 
permeable regions of the earth's crust. The ultimate source of heat for 
many geothermal systems is undoubtedly of magmatic origin, but, in some 
cases the geothermal flud is heated at depth as a result of an unusually 
high geothermal gradient. Most of the systems in the Basin and Range 
privince are probably of the latter type (White and Williams, 1975). 
Of even more importance, however, is the nature and distribution of 
permeability within the geothermal reservoir. The permeability may 
either be primary, resulting from interconnected pore spaces within the 
rock volume or secondary, resulting from fractures and/or fault zones. 
In all geothermal fields currently under production, the geothermal 
fluids are withdrawn from discrete fractured regions within the 
reservoir, yet most mathematical modeling of geothermal systems has 
assumed a Darcian type of flow through a rock with a bulk peLmeability. 
That is not to say that it has been necessarily assumed that the 
peLmeability is of a primary type, but rather that one normally assumes 
the fractures to be on such a fine scale that, for mathematical (or 
numerical) convenience, the Darcy flow model is appropriate on spatial 
scales of the order of the reservoir dimensions. 
The mathematical treatment for the onset of thermal convection 
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under such assumptions follows the method of Lapwood (1948), or some 
deviant of . it; and the treatment of finite amplitude convection uses the 
same basic perturbation equations with the addition of higher order, 
non-linear transport terms which are neglected in the linear stability 
analysis. These models have provided many useful results with regard to 
the physics of geothermal systems, but often this approach may be quite 
unrealistic. Geothermal systems in which main permeability is furnished 
by narrow, discrete, widely separated fault and/or fracture zones 
imbedded in an otherwise impermeable rock are better handled by somewhat 
different techniques. Examples of the latter systems are found in 
Iceland, where dikes provide the main vertical permeability, in the 
Basin and Range, where long, deep, master faults probably provide the 
main vertical permeability (Hose and Taylor, 1974), and possibly in the 
oceanic crust (Lowell, 1975; Sleep and Wolery, 1978). 
The principal purpose of this research is to examine thermal 
convection in long, deep, but very narrow vertical fracture spaces. The 
initiation and temporal evaluation of the physical processes are to be 
studied on the basis of mathematical-physical approximation methods and 
finite element and/or finite difference techniques. The results are to 
be interpreted with regard to known geothermal systems in the Basin and 
Range and other regions where major faults and fractures are the 
structures controlling the permeability. 
III. The Onset of Convection in a Porous Slab with a Radiative 
on the Upper Boundary. 
In order to introduce the pertinent equations and to set the stage 
for the development in section IV on convection in a rectangular box 
(representing a fault zone), we set up and solve a convective 
instability problem for an infinite slab of porous material which may be 
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of interest in the geothermal setting. The basic model for convective 
instability in a porous slab is due to Lapwood (1948). 
Lapwood determined the critical condition for the onset of 
convection in an infinite slab of homogeneous, isotropic porous material 
of thickness h, bounded by horizontal planes. Within the slab, a 
vertical conduction temperature gradient, 13, was maintained. The 
bottom of the layer was held at temperature To and the top at T = 0. 
Using stability analysis, Lapwood showed that R = p f sa 13h21<jvA. >47 2 
 for convection to occur between impermeable boundaries, where pf , s,
a, v represent the density, specific heat, thermal expansivity and 
kinematic viscosity of the fluid, respectively; K is the permeability, A 
is the thermal conductivity of the rock, and g is the acceleration of 
gravity. The critical Rayleigh number for some other boundary 
conditions are given in Nield (1968) and also in Lapwood (1948); and the 
critical number for case of temperature dependent viscosity (Kassoy and 
Zebib, 1975), temperature dependent expansivity, viscosity, and density 
(Straus and Schubert, 1977), and anisotropic permeability (Wooding, 
1976) have recently been determined. 
In the natural geothermal setting, however, the assumption of an 
impermeable conducting plane at the top of the convecting layer is 
somewhat unrealistic. In the natural setting, deposition of silica 
often clogs the petneable zones in the upper part of the reservoir, and 
the circulation is confined to the reservoir beneath an impermeable 
layer of caprock of finite thickness. The finite layer of caprock 
represents a medium of imperfect he-it transfer between the convecting 
fluid and the surface, and thus the convective instability of the fluid 
in the reservoir may be affected. 
To estimate the effect of a thin but finite layer of impermeable 
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cover on the porous layer, we shall treat the surface layer as simply a 
skin of material through which conductive heat transfer takes place. 
That is, the layer is assumed to be so thin that its heat capicity can 
be neglected. In essence, then, the effect of the caprock is to modify 
the upper boundary condition on the convecting layer. Instead of the 
temperature condition being T = 0, we have radiative transfer 
rr/z.+'11 T= 0 at the top of the layer, where T is the heat transfer 
coefficient. Thus in the steady-state case of conductive equilibrium 
the temperature distribution in the layer is given by 
T° (z) = To - Cinz 	 (1) 
where n = 	(k+1) 	(17 = TWO and (3 = T0 /11, the maintained geothermal 
,radient in the case of infinite heat transfer coefficient 	= 1). 
The linearized theory of convective instaLility is based on the principal 
of exchange of stabilities. That is, a small Perturbation to the conductive 
state leads to a steady state of convective equilibriur_ The standard pertnr-
"hation procedure is outlined in Lapwood (1948) alAlTrill not be reproduced 
here. Instead, we begin with the linearized pert-r±ntion equations with the 
z axis defined positive upwards: 
2 	- 
XV T = p f sw 
(3n. 
-1 
-VP - p faT gz - p f\AC .0 = 0 
V u = 0 
Erivations (2) (3) and (4) correspond to conservation of energy, momentum 
and mass respectively. The * refers to dimension:Al quantities: T* being 
the perturbation temperature; P* the perturbation pressure; the velocity 
vector; w* the vertical component of velocity. All the physical parameters 6 
have been defined previously, but note that in this core general case, the 
permeability K is treated as a tensor. Non-dimensionalizing these equations 
by using h as a length scale, To as a temperature scale and qr = gKoaTo/vo 
as a reference mass flaw, where Ko ,y0 refer to values at the top of the layer; 
and eliminating F* from the equations gives: 
Rnw = v2T 	 (5)  
(aà/az)(aw/az) + {(1/y i)a 2/B x2 + (1/y 2)3 2/3z21 (r+ aw) = 0 1(6) 
where 	a =  (1=0/K3)(vivo); Y 1 = K3/K1; Y 2 = 1"3/K2 
and 
	
R = p fsco3Lz
2 
  Kb/vow 
Equations (5) and (6) have been derived by Wooding (1976) for the case of 
infinite heat transfer coefficient (i.e., n = 1). Equations (5) and (6) 
must then be solved subject to boundary conditions: 
T = 0 at z = 0 (7)  
DT/Dz + kT = 0 	z = 1 (8)  
w = 0 	at z = 0,1 (9) 
Since the purpose here is to explore the effect of the radiative condition 
(8) on the upper surface, equation (6) will be simplified by letting a=y =y = 1. 
Equations (5) and (6) can then be combined into a single fourth order equation 
for T, and using (5) the velocity boundary conditions (9) can be written in the 
form of temperature conditions. The resulting equation: 
v 4T = rav, a 	 (10) 
where vh2 represents the horizontal components of the Laplacian, together with 
the boundary conditions represents an eigenvalue Problem for R. Assunin^ T is 
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periodic with semiwavelength a, there is, for a given value of k, a particular 
value of R for every value of a; and the mini .man of R with respect to a at Fixed 
k represents the critical Rayleigh number at which instability sets in. 
Substituting T = e(z) sin mx sin ny gives: 
(a 2 /9z2 _a2 ) 20=nRa2 0 
	
( 1 1) 
where a2= n4-n. A solution which satisfies the boundary conditions at the 
bottom of the layer, z = 0, is: 
0(z) =C1 sinDz + C2 sinh Qz 	 (12) 
2\ 	Q  1/2 




are arbitrary constants and D = ({inna-a ) , = -tiRnl a + a) . 
Substituting (12) into the conditions at z = 1 gives: 
C (D cos D + k sin. D) + C2  (0 cosh Q 	sinh Q) = 0 (13) 
-C (Rn) 1/2a. sin D + C (Rn)% sin Q = 0 1 	 2 
The requirement for a non-trivial solution to (13) is that the detennin-rat 
of the coefficients of C1, C2 vanish identically, this leads to: 
-2K = D cot D + Q coth Q 	 (14) 
Solutions to (14) are given in Figure 1. as plots of P. vs. a for several values of 
The results in Figure 1. indicate that as k approaches infinity R, the 
critical Rayleigh number, approaches the value 47 2 determined by Lapwood (1978) 
for an isothermal upper boundary; whereas, as IR gets groaner, the critical 
7a7leigh number increases and corresponding semi.-wavelength at R=R decreasc ,..s. 
Figure 1 does point out however, that the effects are quite moderate. A chanr,c 
in by an order of magnitude from 10 to 100 chnlTes R by less than 5% and 
the corresponding change in a is of the same order. If is not until k is of ne 











Figure 1. Rayleigh number versus semi-wavelength for 
isothermal bottom, rigid upper surface. 
To interpret this result for a geothermal system, let the heat transfer 
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coefficient 11 =X 7d where x' is the thermal conductivity of the impermeable 
cover and d is its thickness. R is then given by: k = (a7x)(h/d). 
Assuming a thickness ratio of 100, corresponding say to a cover of 30 meters 
overlying a 3 km deep convection system, and a thermal conductivity ratio 
of 0.25 gives k = 25. In this range of k, the effect of the low conductivity, 
impermeable caprock has little effect on the critical Rayleigh number or serhi-
wavelength at marginal instability consequently, it appears that a layer of 
impermeable caprock will have little effect on natural geothermal convection 
systems at marginal stability. The effect of imperfect heat transfer through 
impermeable cover under conditions of finite amplitude convection have not 
been investigated. 
IV. Convection in Faults and Fracture Zones. 
As discussed in section II, there are cases in which the permeability 
is not uniformly distributed throughout a large region of reservoir rock, but 
rather regions of high permeability may occur in association with certain 
geologic structures such as faults and fracture zones, the surrounding country 
rock being essentially impermeable. Figure 2. depicts a simple model of this 
situation. 
A fair amount of work has been accomplished on the problem of the onset 
of convection in closed containers (e.g. Beck, 1972; Hoist and Aziz, 1972; 
Zebib and Kassoy 1977; Lowell, 1978; Lowell and Shyu, 1978; Shyu, 1979). 
Tath the exceptions of Lowell and Shyu (1978) and Shyu (1979), all the work 
to date has assumed insulated vertical boundaries. The principal difference 
between the theory for the onset of convection in closed containers and the 
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Figure 2. Model of Narrow Vertical Fault Zone 
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and temperature boundary conditions are required. The velocity conditions 
ususally take the form: 
u . n = 0 	all walls 
	
(15) 
whereas the temperature conditions are of the form: 
T = 0 (conducting walls) 	 (16a) 
3T/an = 0 	(insulated walls) 	 (16b) 
3T/3n + kT = 0 (imperfectly conducting walls)(16c) 
Lowell and Shyu (1973) represents work done under this grant in which the walls 
transverse to the fault were assumed to be conducting and the walls at the 
end of the fault were assumed to be insulated. A preprint of this paper is 
attached as an Appendix to this report. 
Shyu is in the process of carrying out further calculations on convection 
in fault zones, including some time dependent aspects of the circulation. The 
most complete way in which to include evolutionary processes is to solve the 
time dependent heat conduction equation in the impermeable rock surrounding 
the fault zone and add a time-dependent term to the energy and momentum equations 
discribing the processes within the fault zone. One might also wish to include 
non-linear convective heat transport terms. Such a complete solution represents 
a rather formidable task, and it is possible that a lumped parameter approach 
may provide useful approximate results. I believe that Shyu is carrying out 
such a calculation in conjunction with Galerkin finite-element techniques. 
One of the purposes of this research is also to examine evolutionary 
aspects of convection in fault and fracture zones. Physical approximation 
methods, in conjunction with Laplace transforl7s, will be used, and possibly 
some explicit finite difference calculations as well. The exact approach 
used will depend somewhat on Shyu's results, which will be communicated to 
re within a Luath or so. 
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In the next section a very simple approximate calculation of the temporal 
evolution of convection in a fault is carried out. 
V. Temporal Evolution of Convection in a Fault Zone. 
Lowell (1975) has treated time dependent convection in a thin, open 
fracture filled with fluid using finite-difference methods. The results are 
reproduced in Figures 3 and 4• 	The Figures show that for a given fracture 
width d, both the water temperature and flow rate q fall off with time. h and 
hi represent the fracture depth and horizontal distances between the two vertical 
fractures, respectively (the vertical fractures are assumed to be connected by 
a thin horizontal fracture). 
The basic equations of such a convecting fracture system are discussed 
in detail by Lowell (1975). They are: 
DTr/at = a2 2Tr/9y2 (17) 
sqDTw/Dx = DATrPy y = 0 (18) 
Tw = Tr at y = 0 (19) 
Tw = 0 	at x = 0 (20) 
T =T 	at t= 0 r 	o 
(21) 
jh 
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where Tr is the rock temperature, ;a the water ternerature, and ar the 
rock thermal diffusivity. All the other parameters have been defined 
previously. Equation (17) is the equation for time-dependent heat con- 
duction in the country rock. It has been assumed that conduction along the 
direction of fluid flaw is negligible compared to conduction transverse to 
the fracture. Equation (18) states that the rate at which the moving fluid 
transports heat by convection is the same as the rate of conductive heat 
flow across the fracture walls. It is assumed that the fracture is so thin 
that the temperature is uniform across the fracture aperture. Equation (19) 
states the assumption of perfect thermal contact, i.e., the rock and fluid 
have the same temperature at the fracture boundary. Equation (20) and (21) 
give the boundary condition at the inlet to the fracture and the initial 
temperature condition in the rock. These conditions are chosen to be of 
this simple form for convenience and more realistic conditions have no great 
effect on the temporal development. Finally, equation (22) states that the Hug 
q is given by Darcy's law, where the pressure head is the integrated buoyancy 
generated head resulting fLum the thermal expansion of the fluid ascending in 
the fracture. In the case of a single open fracture, IC is replaced by d2/12, 
as in the laboratory Hele-Shaw cell anology of a permeable medium. 
The principal difficulty in solving these equations analytically stems 
from the non-linearity which is apparent in combining equations (18) and (22). 
This non-linearity was the reason for resorting to finite difference techniques 
in Lowell (1975). In order to examine the temporal character of the solutions, 
however, we need not solve the entire system of equations. We can make use of 
separation of spatial and temporal variables, as well as the observation that 
the time dependence enters only through the time dependent character of the 
heat flux from the rock into the fracture. 
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The heat conduction across the fracture/rock interface can be looked 
at simply as conductive cooling of a half-space with initial temperature To . 
Thus from Carslaw and Jaeger (1959, p. 61), xaTrhyl y_o= xTo (Trart) -1/2 . 
Combining this together with equations (18) and (22), and writing 
T5,7 (x,t) = X(x)e(t) gives: 
p
f 
scii(pd X(x)ax aX (e ft 1) 2 = 2k To (arart) 2 
v h 	 ax 
0 
this gives a time dependence: 
e (t) « t 4 
Moreover from (22), it is clear that q, and e have the same time dependence, 
teas : 
q a t 3/4 	 (25) 
Also, the rate of heat transport from the system, 	is 
H « q e at 2 	 (26) 
as should be expected. The simple results indicated by (24) and (25) are in 
fact confirmed by the finite difference calculations which show that T and q 
fall off with the same time dependence. 
Bodvarsson (1978) has also examined the evolutionary aspect of the fracture 
flaw system from similar physical reasoning. He treats the single open fracture 
case and includes an approximate treatment of time dependent thermal expansion 
of the fracture aperture. His results are in agreement with the ones presented 
here, although there is a misprint in his equations (54), (55) and (56). Further 
work is needed on the evolutionary aspects of these systems, including temporal 
changes in permeability. 
VI. Work Plan for Coming Report Period. 
The most important task in the coming period will be to examine the 
evolutionary aspects of fracture systems in greater detail, possibly by 
finite difference methods. This will include a closer look at thermoelastic 
(23) 
(24) 
processes than has been given by Bodvarsson (1978). Some preliminary attempts 
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will be made to relate these results to geothermal systems of the type encoun-
tered in the Basin and Range. 
VII. Students Supported and Theses. 
1. Mr. James K. Fulford has done most of the work regarding the onset 
of convection in a porous layer bounded above by a thin, but finite, impermeable 
layer. Mr. Fulford completed his M. S. Thesis recently and currently is a 
doctoral student in the Atmospheric Sciences program at Georgia Tech. 
2. Mr. James Herbert is a new graduate student, has been supported since 
9/15/78. He has been doing preliminary studies required before taking a more 
contributory role in the project. 
H. S. Thesis: Tyr. James K. Fulford, Thermal Convection in a Porous Media 
with Application to Hydrothermal Circulation in the Oceanic Crust, 54 pp., 1979. 
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2. Lowell, R. P. and T. C. Shyu, The onset of convection in a water-satur.Fte ■ 
porous 	box: effect of conducting walls, 
Letters in Heat and Mass Transfer, 5, 371-378. 
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ABSTRACT 
The critical Rayleigh number for the onset of convection in a 
water-saturated porous box, heated from below, has been deter-
mined by the Galerkin method and by an approximate analytical 
technique. The present problem differs from previous ones which 
have been published in that we consider the effect of conducting 
vertical boundaries on the critical number and on the cell 
pattern at the critical number. Moreover, we emphasize fault 
or fracture zone-like box geometries; that is, geometries in 
which one box dimension is much shorter than the other and much 
shorter than the height. 
The results indicate that for fault/fracture zone geometries, in 
which the long vertical walls are conducting and the short end 
walls are insulated, the critical Rayleigh number is roughly 
four orders of magnitude greater than the critical number for a 
horizontal porous slab. The flow at the onset of convection 
takes the form of a roll with its axis along the long horizontal 
dimension of the box. There is, however, little difference 
between the critical numbers for two and three dimensional cell 
patterns. These reusits indicate that convection may occur in 
naturally occurring faults and fracture zones in the earth's 
crust only if the permeability is of the order of Darcies. - in 
natural systems, the Rayleigh number would probably not exceed 
the critical number greatly, and the flow may tend to be fully 
three dimensional. 
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The onset of convection in a closed rectangular container of water-
saturated porous material with uniform properties has been treated by 
Beck (1), and the case of a variable viscosity fluid has been treated by 
Zebib and Kassoy (2). These authors have considered various box geometries, 
out they have assumed that the vertical walls of the box are insulated. 
In many practical situations, however, such as in geothermal systems 
controlled by fault and fracture zones, the assumption of insulated 
vertical walls is not realistic. We wish to consider the effect of 
conducting walls on the critical Rayleigh number and on the cell pattern 
at the critical Rayleigh number. Moreover, we will emphasize a fault or 
fracture controlled geometry; that is, we will emphasize porous container 
geometries in which one horizontal dimension is much shorter than the 
other and much shorter than the height. We will assume that the long 
walls are conducting but that the short, end-walls are insulated. We 
will then discuss the possibility of convection taking place in natural 
faults or fractures in the earth's crust. 
Davis (3) and Catton (4) have treated the similar problem of 
convection in a rectangular container having conducting walls and being 
filled with viscous fluid. 
Analysis  
Consider a container of water-saturated porous material of height L 
and with horizontal dimensions L 1 and L 2 . Let a uniform thermal gradient, 
a , be applied to the material such that the temperature at the upper 
surface is T = T
s 




 >T 5 ). The initial state is assumed to be one of pure thermal 
conduction such that initially 
v = 0, T = T s 	az, dPC/dz = P f g 
. 
where v is the velocity, PC the pressure, P f the density of the fluid and 
g the acceleration due to gravity. The z axis assumed to be positive 
downwards. 
The condition for the onset of convection is found by the principle 
of exchange of stabilities. That is, infinitesimal perturbation of the 
initial state leads to a marginally stable state of steady thermal 
convection. The linearized, non-dimensional, marginal stability equations, 
usino the Bnussinesn annrnxim a tion ;t-'e (5) 
V.q = 0 
+ R-fek 	7P = 0 
v 2 6 _ R fqz , 0 






) is the perturbation velocity, 6 is the perturbation 
temperature, P is the perturbation pressure, and k is a unit vector in 
the z direction. 	R is the dimensionless Rayleigh number given by 
R = p f saEKgL2 /vX 
where s is the specific heat of the fluid, a its thermal expansion 
coefficient, v its kiematic viscosity, K the permeability of the rock and 
X its thermal conductivity. These equations are to be solved with temper-
ature conditions, 
90/Dx = 0 at x = 0,H1 
0 = 0 	at Y = ° ' H 2 





are dimensionless horizontal lengths. Assuming impermeable 
boundaries, the velocity conditions are 
. n=0 	 (6) 
on all boundaries, where n is the unit vector, normal to the wall. 
Equations (I) through (3) with conditions (4) through (6) constitute an 
eigenvalue problem for the Rayleigh parameter, the smallest eigenvalue 
being the critical Rayleigh number for the onset of convection. 
The set of equations and boundary conditions above are not 
separable, and consequently the normal solution procedures break down. 
One method of determining the critical Rayleigh number for problems of 
this type is the Galerkin method. To use this method, we first eliminate 
q and P from the perturbation equations to obtain a single equation for B. 
We obtain 




2 is the horizontal Laplacian. We then select a set of trial 
functions 6. which satisfy the temperature and the velocity boundary 
conditions. We substitute 
N 
7 - 	L 	C.O. 
I i=1 





i c . [v2 (02e.) + RV h 	i 2 e ] dV = 0 	 (9) 
where the integral (9) is carried out over the volume of the box, and e k , 
is one component of the set of trial functions 0.. Substitution of the 





t 	 (10) 
and the condition for a non-trivial solution is that the determinant of 
the coefficients be zero. That is: 
1 MA -1MB - R -1 	= 
Equation (11) represents an eigenvalue problem for the Rayleigh number 
R: and the minimum eigenvalue found, R = R
c
, represents the critical 
condition for the onset of convection. The results for the critical 
Rayleigh number, for different box geometries are given in Table 1. 
TABLE 1 
Critical Rayleigh Numbers 2-D and 3-D Convection 
in a Porous Box With Two Vertical Conducting Walls 
















0.1 4327.77 4331.35 4327.92 4327.81 4327.75 4327.78 
0.5 212.75 216.34 212.90 212.70 212.68 212.69 
1.0 83.22 86.07 83.48 83.36 33.34 83.32 
1.5 60.50 61.73 60.58 60.52 60.50 60.50 
3 43.57 40.85 40.86 40.61 40.66 _40.66 
5 41.01 39.61 39.62 39.62 39.60 39.60 
to 39.37 39.48 39.48 39.49 39.49 39.49 










Table 1 shows several interesting features of convection in a box 
with two conducting walls. 	First, it is clear that for large box 
dimensions, the wall conditions become immaterial and the critical number 
approaches the value 4TT 2 given by Lapwood (5) for an infinite slab. Secondly, 
if the conducting walls are far apart (H
2
5 2), three dimensional motion is 
preferred over two dimensional at the onset of convection; and as the 
separation between the insulated walls increases (H i --)-c°), the three-
dimensional values of R
c 
approaches the two-dimensional values. This 
suggests that in natural systems the motions may tend to be fully three-
dimensional rather than roll-like in character. Moreover, these results 
suggest that at finite amplitude (i.e., R>R
c
) the two-dimensional 
solutions may be unstable and the motion at finite amplitude may become 
three-dimensional. Lastly, in the case of a fault/fracture zone geometry 
(H
2 
 <<1, H 1 	1), Table 1 shows that R c 
is several orders of magnitude 
greater than the value 47r 2 for an infinite slab, and the motion at R = R 
takes the form of a roll with its axis parallel to the long horizontal 
dimension of the box. This is contrary to the results of Beck (1) who 
showed that, for insulated walls, the rolls were aligned with their axes 
parallel to the short side of the box. 
The results in Table 1 for a fault/fracture zone geometry are in 
reasonable agreement with an approximate analytical result derived by 
Lowell (6). The analytical calculations were performed by relaxing the 
velocity boundary conditions on the vertical walls. 	If one replaces the 




/3z = 0 at y = 0, H 2, the eigenfunctions 
become separable, and equation (7) can be solved by standard methods. 	In 




<< 1, Lowell (6) obtains: 




= 0.01 , R c = 4 x 10', which is about ten percent smaller than 
the value found by the Galerkin method. This underestimate of R
c 
is to be 
expected in view of the fact that the boundary conditions were less 
restrictive in the analytical calculations than in the Galerkin method. 
The analytical results also show that the flow at R = Rc takes place as 
a roll with its axis along the strike of the fault. 
Geophysical implications  
Table 1 shows that in a closed container of 	ter-saturated porous 
material with a fault or fracture zone qcome y, e.g., with H 2 = 0.01, the 
critical Rayleigh number is nearly 4.5 x 10 5 . Are such high Rayleigh numbers 
o. 
possible in natural systems? Assuming a temperature gradient 3 = 100 C/km 
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and a fault depth of 3 km, which are reasonable for a geothermal region, 
we estimate values of the physical parameters from Straus and Schubert (7): 
.f
S = 1 cal/cm' - °C,a = 1.5 x 10 3/ °C,v = 2 x 10 3cm/sec,X= 5 x 10 3 cal/cm 
- °C - sec. a,vd, are average values over the depth ranoe. Substituting 
these parameters into the Rayleigh number gives K =3 x 10-8 cm 2 , for the 
onset of convection in a 30 m wide fault zone. This is quite a high, but 
not unrealistic value, for the permeability in a fault zone mainly arises 
from interconnected fractures within the rock volume; and assuming a 
permeability due to a series of flat parallel fractures of width d and 




This, if K = 3 x 10 -8 cm 2 , h = 100 cm, then d = 3.3 x 10 2 cm.. Fractures 
on this scale do not appear unreasonable for a fault or fracture zone in 
the earth's crust. One might expect, however, that if convection occurs 
in such systems, that the actual Rayleigh number lies rather close to the 
critical number. 
Finally, we emphasize that the assumption of a uniform thermal 
gradient along the walls is only appropriate as a condition for the onset 
of convection in a natural fault or fracture zone. As convection proceeds 
in time, at values of 
R>Rc' 
and heat is conducted through the vertical 
boundaries, the gradient in the adjacent impermeable rock matrix will not 
be maintained. 	In time there will be a decrease in the lateral gradient 
across the walls, and hence the walls will tend to have the appearance 
of insulated boundaries. For this reason, one might expect convection 
to become somewhat more vigorous, and perhaps to change its cell pattern, 
after convection is initiated. At large times, however, the convective 
flow may decline since the driving temperature gradient is reduced.- In 
summary, the finite-amplitude, time dependent aspects of convection in a 
porous container with conducting walls may be somewhat more complicated 
than in containers with insulated walls. An examination of these problems 
will be a subject of future research. 
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Nomenclature  
C - vector of expansion coefficients of trial solutions 
C. - component expansion coefficients of trial solutions 
d - fracture width 
g - acceleration due to gravity 
h - fracture separation 
H i ,H 2 - dimensionless horizontal box lengths 
K - permeability of rock 
k - unit vector in z direction 
L - dimensional box height 
- horizontal box dimensions 
MA ,M B - matrices arising in Galerkin formulation 
n - unit vector in z direction 
P - dimensionless perturbation pressure 
P* - dimensional fluid pressure 
x ,q y  ,c1 z - dimensionless perturbation velocity, and cartesian 
components 
R - dimensionless Rayleigh number 
R
c 
- critical Rayleigh number 
s - specific heat of fluid 
T - temperature 
T
o 
- temperature at base of box 
T
s 
- temperature at surface 
✓ - Darcy velocity of fluid 
x,y,z - cartesian coordinates, z positive downwards 
a - thermal expansion coefficient 
- geothermal gradient 
6 - dimensionless perturbation temperature 
e i ,8 k ,- trial temperature function in Galerkin formulation 
X - thermal conductivity of saturated material 
✓ - kinematic viscosity of fluid 
p, - 	fluid density 
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I. 	Introduction  
This document represents the second semi-annual technical report on 
our research on convection in faults and fracture zones and some related 
problems. This work represents a continuation of the effort which was 
initiated under the USGS grant number: 14-08-0001-G-365 as part of the 
Extramural Geothermal Research Program of the U. S. Geological Survey. 
The initial phase of the work was done in conjunction with Dr. G. 
Bodvarsson of Oregon State University; however, his group is not 
directly involved in the present research effort. The present research 
is being conducted under grant #: 14-08-0001-G-540. 
The principal achievements during the past six months have been to: 
(1) expand the work done previously on the effect of anisotropic 
permeability on the onset of convection in a fault or fracture zone and 
(2) develop further the work on the temporal evolution of convection in 
fractures, which was outlined briefly in the first technical letter 
report, to include thermoelastic effects in a series of parallel 
fractures. The study of anisotropic permeability has culminated in a 
paper to be included in the transactions of the Geothermal Resources 
Council Annual Meeting which is to be held in Reno, Nevada, in 
September, 1979. Preprints of this paper have been sent under separate 
cover; and, for convenience, one is also attached as an Appendix to this 
report. 
The main body of the report which follows is divided into 
subsections: II. General Framework and Objectives; III. Convection in 
a Fault or Fracture Zone; IV. Temporal Evolution of Convective Flow in 
Fractures: Thermoelastic Effects; V. Bibliography; VI. Work Plan for 
the Coming Report Period; VII. Students Supported; VIII. Papers and 
Publications. 
II. General Framework and Research Objectives  
The energetics of geothermal systems depend fundamentally upon 
patterns of heat transport and fluid flow within heated, highly 
permeable regions of the earth's crust. The ultimate source of heat for 
many goethermal systems is undoubtedly of magmatic origin; but in some 
cases, the geothermal fluid is heated at depth as a result of an 
unusually high geothermal gradient. Most of the systems in the Basin 
and Range Province are probably of the latter type (White and Williams, 
1975). 
Of even more importance, however, is the nature and distribution of 
permeability within the geothermal reservoir. The permeability may 
either be primary, resulting from interconnected pore spaces within the 
rock volume or secondary, resulting from fractures and/or fault zones. 
In all geothermal fields currently under production, the geothermal 
fluids are withdrawn from discrete fractured regions within the 
reservoir, yet most mathematical modeling of geothermal systems has 
assumed a Darcian type of flow through a rock with a bulk permeability. 
That is not to say that it has been necessarily assumed that the 
permeability is of a primary type, but rather that one normally assumes 
the fractures to be on such a fine scale that, for mathematical (or 
numerical) convenience, the Darcy flow model is appropriate on spatial 
scales of the order of the reservoir dimensions (or finite 
element/difference gvsd spacing). 
The mathematical treatment for the onset of thermal convection 
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under such assumptions follows the method of Lapwood (1948), or some 
deviant of it; and the treatment of finite amplitude convection uses the 
same basic perturbation equations with the addition of higher order, 
non-linear transport terms which are neglected in the linear stability 
analysis. These models have provided many useful results with regard to 
the physics of geothermal systems, but often this approach may be quite 
unrealistic. Geothermal systems in which main permeability is furnished 
by narrow, discrete, widely separated fault and/or fracture zones 
imbedded in an otherwise impermeable rock are better handled by somewhat 
different techniques. Examples of the latter systems are found in 
Iceland, where dikes provide the main vertical permeability, in the 
Basin and Range, where long, deep, master faults probably provide the 
main vertical permeability (Hose and Taylor, 1974), and possibly in the 
oceanic crust (Lowell, 1975; Sleep and Wolery, 1978). 
The principal purpose of this research is to examine thermal 
convection in long, deep, but very narrow vertical fracture spaces. The 
Initiation and temporal evolution of the physical processes are to be 
studied on the basis of mathematical-physical approximation methods and 
finite element and/or finite difference techniques. The results are to 
be interpreted with regard to known geothermal systems in the Basin and 
Range and other regions where major faults and fractures are the 
structures controlling the permeability. 
III. Convection in a Fault or Fracture Zone 
A. Anisotropic Permeability  
The basic equations for the onset of convection in a porous layer 
3 
have been derived by Lapwood (1948) and have been reproduced in the case 
of an anisotropic, porous box by Lowell (1977, 1979b). Only the most 
essential equations will be given here. In a Cartesian coordinate 
system with the x axis along the strike of the fault, the y axis 
perpendicular to it, and the z axis directed positively downward, they 
are: 
Rw = 0 2T 	 (1) 
as (a w/az)/Dz + {(1/y
1 
 )3





) (T + aw) = 0 (2) 
where w is the dimensionless vertical velocity and T is the 
dimensionless temperature and where 
a = (Ko/K3 ) (viv o); Y l = K3 /K1 ; Y 2 = K3 /K2 
and the Rayleigh parameter R is 




 /v o A z  
The symbols are defined in Table 1. Equations (1) and (2) are to be 
solved subject to the boundary conditions: 
u . n = 0 at all walls 	 (3) 
T = 0 at z = 0, 1 	 (4) 
with temperature conditions specified on the vertical walls as: 
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DT/ax = 0 at x = 0, a; a = L /L 
x z (5) 
nhy = 0 at y = 0, b; 	b = L /L 
y z 
Table 1 
Definition of Symbols 
g 	- acceleration of gravity 








 - dimensions of fault zone. 
s 	- specific heat of fluid. 
a* - thermal expansion coefficient. 
(3* - applied temperature gradient. 
A 	- thermal conductivity of rock. 
P f 	- density of fluid. 
o
,v - kinematic viscosity of the fluid, o refers to value at z = 0. 
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for insulated walls or 
9T/x = 0 at x = 0, a 	 (6) 
T = 0 	at y = 0, b 
corresponding to conducting walls on the boundary parallel to the strike 
of the fault. 
Assuming a = 1 and combining (1) and (2) into a single equation for 
T and substituting 
T = sinTrz cosax cosy 	 (7) 
for conditions (5) or 
T = sinTrz cosax sin8y 	 (8) 
for conditions (6) where = m /a; 	= n /b leads to an equation for R. 
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The problem is then to determine the minimum value of R for given 
values of a, b, y
1 , y 2  and to find the cell patterns for minimum R 
(R=Rc ). 




for insulated or conducting boundaries are 
discussed in the manuscript which is attached as an Appendix and will 
not be discussed further here. A few other special cases are discussed 
here. 
1. 	insulated walls; 	Y 1  = Y, Y2 
In this case, the transverse horizontal permeability is negligible 
compared to the horizontal permeability along the strike of the fault. 
Since there can be no flow transverse to the fault, the cell pattern 
must take the form of rolls with axes parallel to the short side. 




R = 7 2(y(1 + 
mV  a
t ) + m2 + 1) 
	
(10) 
which is the same result as obtained for insulated walls with y
1 
= y2 
(Lowell, 1977). 	The point is that as long as the walls are insulated, 
the flow is in the form of two-dimensional rolls, independent of the y 
direction. Thus, if the walls are insulated, the critical Rayleigh 
number is independent of the permeability perpendicular to the strike of 
the fault zone. 
2. conducting walls; 1 1  -1.1 24. w. 
Even if the walls are conducting, the absence of transverse 
permeability requires the flow to be two-dimensional rolls with axes 
along the y direction. The approximate solution procedure based on T 
given by (8) breaks down. The form for the Rayleigh number cannot be 
determined by the present methods, although it is expected that 
R
c 
should still be much higher in the case of conducting walls than in 
the case of insulated walls, and probably higher than in the case of 
finite transverse permeability. 




= Y  • 
The physical 	situation treated here is offered mainly for 
completeness; it is not likely to be realized in a natural setting. 
This case leads to a two-dimensional flow pattern in which the flow is 
independent of x; that is, the axes of the rolls are along the strike of 








Since b<<1, this result shows that R
c is much greater in the case of 
zero longitudinal permeability than in the case of zero transverse 
permeability. The result (11) also holds for conducting walls. 
B. Numerical Modeling 
An important aspect of the present research program is to develop 
numerical models of convection in fault zones using the method of finite 
differences. The proposed work will follow, in part, the work of Shyu 
(1979) who treated several two-dimensional models using the finite 
element method. The emphasis in the current program will be to examine 
three-dimensional models in order to deduce the most likely form of the 
cell pattern and its possible temporal evolution. It is hoped that the 
present conflict, which has arisen in the work of Lowell and Shyu 
(1978), Shyu (1979), and Murphy (1979), as to the appropriate cell 
structure will be resolved. This work is still in its formative stages, 
hence no results are reported here. 
IV. Temporal Evolution of Convective Flow in Fractures: Thermoelastic  
Effects.  
In a previous report (Lowell, 1979a), an approximate treatment of 
the temporal dependence of the temperature and the flow in a convecting 
fracture was developed. It was shown that the temperature and the flow 
rate both decreased as 
t-1/4. 
 Bodvarsson (1978) reached a similar 
conclusion, but he also examined the effect of thermal expansion or 
contraction on the fracture width. Using a one-dimensional model for a 
single fracture imbedded in a half-space, Bodvarsson (1978) showed that 
the fracture width varied as t
1/2
. Since the flow rate is 
proportional to the cube of the fracture width, one obtains from Lowell 
(1979a), where the permeability K = d 2/12, the result: 
62 d3 a t-1/2 	 (12) 
or - I 




q a d 3 6 	
(13) 
so 	 q 	t
1/2 
Results (12) and (13) are also in agreement with Bodvarsson (1978). 
To represent a natural geothermal system by a single, isolated 
fracture, however, is a great over simplification in some cases. Even 
though fractures furnish the main permeability, there may be several 
closely spaced fractures; and the thermal interference between the 
fractures substantially alters the thermoelastic behavior. In 
particular, one would not expect a monotonic, t 1/2 dependence for the 
fracture width. 
To 	illustrate the thermal interference effect, consider the 
conductive heating of a region bounded by two infinite parallel planes 
separated by a distance 2h. Let the bounding temperatures be To and 
the initial temperature be T = 0. Then in the region -h<x<h, the 












7 n=0 2n+1 
or 
-.911 	 co 
To 	
(2n+1)h-x 	 (2n+1)h+x (15) 
T =  (-1) nerfc 	 + To 	
(-1)n erfc 
2 ,, t 	 /gt 
n=0 	 n=0 	
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where (14) is rapidly convergent at large times and (15) is most rapidly 
convergent for small times. Using a one-dimensional formalism for the 
thermal expansion of the slab (Bodvarsson, 1976), the displacement u is: 






where a* is the thermal expansion coefficient, and the factor 5/9 comes 
about by assuming Poisson's relation between the elastic constants. 
Substituting the temperature fields (14) and (15) into (16) gives 
4h, 
0 (2n+1)2 
1 	 u = 	5 a*/9 /Toh 




















/at) - (nh/11E) erfc(nh/Va))1 
n= 
(18) 
Equation (18) 	is more suitable for examining the thermoelastic 
displacement at short times. 	For short times; i.e., at/h
2
<<1, the 
series term is negligible and (18) reduces to Bodvarsson's result of u.= 
t
1/2
. This is to be expected, since at short times one surface of the 
slab does not thermally "feel" the other. Hence at short times the 
thermal expansion of one boundary should behave as though it were the 
boundary of a semi-infinite medium. 
At long times, (17) is the more appropriate for examining the 
thermal expansion. Equation (17) shows that the rate of expansion falls 
off exponentially reaching a steady state value of 
of = 5a*Toh/9 
Results similar to (17), (18) and (19) hold for contraction due to the 




The result (19) has useful application as to the maximum closing or 
opening of a set of parallel fractures imbedded in impermeable rock. 
For example, if ce* = 2x10 -5 / °C; T = 100°C, the displacements are 
u a 10-3h meters 
Thus fractures of 1 mm width or less and separated by 2 meters or more 
may close due to thermal expansion (or, conversely, may easily double in 
size due to thermal contraction). Since the flow rate in convecting 
fracture systems depends on d 3 , a doubling of the fracture width may 
increase the flow rate eight fold. 
Perhaps just as important as the total displacement is the rate of 
displacement; that is, on what time scale are thermoelastic effects 
important in geothermal systems. The rate of thermal displacement 
should decline once the fractures interfere with one another thermally. 
The time at which appreciable thermal interaction occurs is given by 
at/h2 > 1 	 (20) 
Assuming a = 10-6m2 /sec., (20) shows that if: 
h = 1 m; t = 10
6
sec 
h = 10 m; t = 10 8 sec 
h= 100 m; t= 10 10 sec 
Thus in natural undisturbed geothermal systems, thermoelastic effects 
may be important only on relatively short times scales (i.e. a few 
hundred years or less) compared to the lifetime of the geothermal 
system. Once a system is exploited, however, and heat is extracted from 
the reservoir, the thermal contraction may significantly increase the 
permeability in that part of the reservoir. Thermoelastic effects may 
also be extremely important in forced recovery, hot dry rock reservoirs 
(e.g. the system treated by Gringarten, et al., 1975). 
11 
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VI. Work Plans for the Coming Report Period  
During the coming report period, the principal effort will be 
focused on developing numerical models of convection in a fault zone. 
The work on thermoelastic effects will continue also, with particular 
attention to the effects of transverse temperature gradients in the 
fracture. 
VII. Students Supported  
As mentioned in Program Managements Reports, research progress has 
been slower than anticipated, mainly due to lack of a graduate assistant 
to help with the computer work. A graduate student, Heroel Hernandez-
Cortez, was appointed effective June 15, 1979 to develop the numerical 
models. 
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ABSTRACT 
The condition for the onset of convective 
instability in a water-saturated, fault or fracture 
zone in which the permeability is anisotropic is 
derived. For the case in which the walls of the 
fault are assumed to be insulated, impermeable 
boundaries the results show that if the permeability 
ratio, y • Kv/Kil is less than unity, the critical 
Rayleigh number is substantially less than for an 
isotropic medium; whereas if y is greater than 
unity the critical Rayleigh number is greater than 
for an isotropic medium. The flow takes the form 
of rolls with axes parallel to the short side of 
the box, the number of rolls contained in the fault 
zone depend upon the fault zone geometry 
(length/depth ratio) 	as well as upon the 
permeability ratio y The number of rolls 
increases as y increases. 
The convection model is a applied to the 
linear, fault-controlled array of hot springs in 
the Double Hot Springs area of northern Nevada. If 
the spring system is a manifestation of roll-like 
convection within the fault, the results suggest 
that y>1. 
INTRODUCTION 
Natural geothermal systems consist prinicpally 
of a sub-surface heat source and a groundwater 
circulation system. In most cases little is known 
concerning the details of the ultimate heat 
source; and, fortunately, this lack of information 
is not critical to the development of the 
resource. The energetics of natural geothermal 
systems, i.e., the amount of energy available and 
the rate at which it can be extracted, is 
primarily dependent upon the patterns of convective 
circulation within the reservoir rock and the 
mechanism of heat transfer between the heated rock 
and the circulating groundwaters. The convection 
patterns are, in turn, largely controlled by the 
nature and distribution of permeability within the 
reservoir. 
The permeability of crustal rocks is often 
tectonically controlled; that is, it is due to 
fractures and faults rather than to interconnected 
pore spaces within the rock volume. In many known 
geothermal systems, the permeability is of this 
type. In the Basin and Range, for example, the  
known geothermal systems appear to be controlled 
by long, deep, nearly vertical fault zones (Hose 
and Taylor, 1974). These zones of high 
permeability may have a linear extent of tens of 
kilometers and depths of several kilometers with 
widths of only tens or hundreds of meters. 
Moreover, as a result of the regional stress 
pattern, the permeability of the fault or fracture 
zone may be anisotropic. That is, the horizontal 
and vertical permeabilities may be unequal. 
It is important, therefore, to understand the 
condition for the convective processes in fault 
and/or fracture zones. The purpose of this paper 
is to derive the condition for the onset of 
convection in a long, deep, but narrow, vertical 
fault zone with anisotropic permeability. The 
results will be applied to the Double Hot Springs 
region, of northern Nevada. 
ANALYSIS 
The condition for the onset of convection in 
a homogeneous, isotropic, horizontal, fluid-satu-
rated porous slab, heated from below derived by 
Lapwood (1948) has formed the basis for convective 
instability analyses in permeable, porous media. 
Lapwood showed in a slab of thickness h, bounded 
by impermeable horizontal planes, and in which the 
bottom temperature was kept higher than the 
surface temperature, such that a thermal gradient, 
0, was maintained, convection would occur provided 
R ■ pfsal3h`K/vA it . R is called the Rayleigh -
parameter and of,s,a, I) are the density, specific 
heat, thermal expansion coefficent, and kinematic 
viscosity of the fluid, respectively; K, A are the 
permeability and thermal conductivity of the rock, 
respectively; and g is the acceleration due to 
gravity. Since then, the critical condition for 
materials with temperature dependent properties 
(Kassoy and Zebib, 1975; Straus and Schubert, 
1977) and analyses of finite amplitude convection 
systems (e.g. Donaldson, 1962; Wooding, 1963; 
Straus, 1974) have been carried out. Moreover, 
there have recently been analyses of the onset of 
convection in a closed rectangular container of 
water-saturated permeable materials. Beck (1972) 
and Hoist and Aziz (1972) have assumed insulated 
walls; Lowell and Shyu (1978), Shyu (1979), and 
Murphy (1979) have assumed conducting walls. The 
results indicate that the presence of vertical 
confining walls significantly affects the critical 
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condition and the form of the convection cells at 
the onset of instability. The critical number is 
particularly high for containers with a fault-like 
geometry, in which one horizontal dimension is 
much smaller than the height and the other 
horizontal dimension, if the long side walls are 
conducting. 
The condition for the onset of convection for 
a container in which the permeability is 
anisotropic is carried out below. Both the 
insulated and conducting wall cases are derived. 
Wooding (1976) has considered the effect of 
anisotropic permeability in an infinite horizontal 
slab. 
A. Equations and Boundary Conditions  
Consider a model fault zone as a rectangular 
slab of water-saturated, porous material imbedded 
in impermeable rock. Let the height of the porous 
zone be L and the horizontal dimensions be 
L and L .
z  Let a uniform geothermal gradient, B, 
be
x  applied to the material such that the 
temperature at the upper surface is T 0 and at 
the lower surface T To 
 (T
o 
 > 0). 
Assuming a Cartesian coordinate system with 
the axis defined positively downward, the 
linearized, steady state perturbation equations 
are: 
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where 	(Ko /x3) (v/v 0'; y i ■ K3/K 1 ; Y 2 ■ 1(3/K2 
and R p octet( /v A 
f 	zoo 
Equations (4) and (5) have been derived by Wooding 
(1976) for the case of an infinite horizontal 
porous layer. To determine the onset of 
convection in a box-like region equations (4) and 
(5) must be solved subject to the boundary 
conditions: 
u • n •■ 0 at all walls 
	
(6) 
T 	0 at z 	0, 1 	 (7) 
The temperature conditions on the vertical walls 
will be either 
BT/ax 0 at x - 0, a 	a L /L 
E z 
(8) 
YT/By 0 at y 0, b 	b L 1. 
y/ z 
for insulated walls or 
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 0 (2) 
+It 
V.0 	0 	 (3) 
where the * refers to dimensional perturbation 
quantities and where all the parameters are 
defined as previously. w* is the vertical 
velocity; P* the pressure perturbation;T:* the 
velocity vector. Note that K is now treated as a 
tensor. Non-dimensionalizing the above equations 
by using L as a length scale, To as a 
scale, le, and a reference mean flow 
q gK aTo/v , where Ke v o refer to values 
at the top of tRe layer; and eliminating P* from 
the equations gives 
T-0 	at y 0; b 
corresponding to conducting walls on the boundary 
parallel to the strike of the fault. 
For convenience it will be assumed theta 1. 
This corresponds to the situation in which a 
decrease in viscosity with increasing temperature 
(depth) is matched by a decrease in permeability 
with depth, which is not an unrealistic 
assumption. Furthermore, the horizontal permeabil-
ities will be assumed to be the same. 
'Y 2 
	Y. 
B. Insulated Boundaries  
Combining equations (4) and (5) into a single 
equation for T and substituting a solution of the 
form 
T T(z)cosaxcosBy 
where 	a mnx/a; B nity/b gives 
Thus Y
1 
Rw 	V2T 	 (4) 
04-0 2 (1+1/y)(a 2+02 ) + 






2.4))i . 0 	(10) 
where D represents d/dz. Letting "r. sinzz in 
(1/y2 )a2/ay2 }  (T + aw) ■ 0 
	 (10) results in an equation for R. 
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R = IT2 {y
h + m2/a2 + n2 /b2 ) 2 	 (11) 
















The problem is now to find the minimum value of R 
for a given y, a, b and to determine the cell 
pattern at the minimum Rayleigh number. It is 
noted that (11) reduces to the isotropic case of 
Beck (1972) by letting y = 1 and to the infinite 
slab case of Wooding (1976) if a,b are allowed to 
approach infinity. 
Rather than treat the full range of box 
geometries, only the special case of a fault-like 
geometry will be considered. Then, a>1 and b<<1. 
In this case a cursory examination of (11) reveals 
that Rc 
will occur for n = O. That is, the cell 
will take the form of rolls with their axes 
parallel to the shorter side of the container. 




= n2(y(1 4--2) + —2 + 1) a 
Table 1 gives the critical Rayleigh number 
R
c 
and the number of rolls contained in the fault 
zone for several values of anisotropy and for 
fault lengths up to 4 times the depth. The 
results in Table 1 show that if the horizontal 
permeability is greater than the vertical (y< 1), 
the critical Rayleigh number is reducel substan-
tially from the isotropic value of 4w ; and that 
if y > 1, the critical Rayleigh number is increased 
substantially. Moreover, the results indicate a  
17 
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remarkable change in aspect ratio as the 
anisotropy changes from Y < 1 to Y > 1. For 
example, if a = 2, there is only one roll present 
at R = R for Y = 0.1; whereas there are two 
rolls for isotropic materials, and four rolls for 
Y = 10. 
C. Conducting Boundaries  
If the long sides of the box are conducting, 
the conditions (9) lead to non-separable solutions. 
An approximate solution may be found, however, 
(Lowell, 1977) by assuming a solution of the form 
T = T(z) cosox sinBy 
The equation for the Rayleigh number (11) is 
identical to the case for insulated walls; 
however, the solution n - 0 is no longer permitted 
since that would correspond to T = O. The minimum 
Rayleigh number is now found with n = 1 and an 
appropriate value of m. The solution (m,n) = 
(0,1) corresponds to a flow which rises everywhere 
so one must choose m > 0, n = 1. An examination 
of (11) with b<<a and n = 1 is found to be roughly 
indenpendent of m. Hence the critical number can 
be found approximately by letting m = 0, n = 1. 
This gives 
_ 	2 R
c w2 (Y(b +1)+b
2+1)) 	 (13) 
- and since b2<<1, R = n
2 
 /b 2 , except for except- 
ionally large values of Y. Thus, if the walls are 
conducting, the anisotropy has a negligible effect 
on the critical Rayleigh number. The approximate 
solution indicates, however, that conducting walls 
give rise to a rectangular, 3-dimensional cell 
(12) 
TABLE 1. CRITICAL RAYLEIGH NUMBERS AND MODE 
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pattern instead of 2-dimensional rolls. This is 
because m,n940 implies that all three velocity 
components are non-zero (but see Murphy, 1979). 
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DISCUSSION 
The application of the highly idealized fault 
zone convection model derived here to a complex 
natural geothermal system is indeed difficult. In 
fact, the thermal boundary conditions may even be 
erroneous; or to be more precise, the boundary 
conditions may change in time. That is, if the 
fault zone is very narrow, conduction through the 
side walls may be quite important; and the 
condition of conducting walls may be the most 
appropriate for calculating the onset of stability. 
As pointed out by Murphy (1979) most faults may be 
stable to spontaneous convection due to the high 
critical number required in the presence of 
conducting walls. However, convection may be 
forced by tectonic movement on the fault, by tidal 
breathing, or by hydraulically driven flow in the 
fault due to hydrostatic pressure differences. If 
forced convection occurs, heat transfer across thIL 
 walls lowers the thermal gradient in time as t-'
(Carslaw and Jaeger, 1959). Hence, in time, the 
walls take on the appearance of being insulated, 
and free convection is more likely to occur. A 
more detailed discussion of delayed free convection 
is given by Murphy (1979). 
Nevertheless, despite these real-world diffi-
culties, it is useful to try to apply the analyti-
cal results to observational data. One possible 
application may be found in the Basin and Range 
Province where observations indicate that the 
geothermal systems are often fault-controlled. 
Hose and Taylor (1974) point out that the Double 
Hot Springs area west of the Black Rock Range in 
northern Nevada consists of approximately seven 
springs (or seeps) which emerge at a rather 
regular spacing along a linear trend of about 10 
km. The springs are spaced at roughly 1.5 km and, 
based on regional thermal gradient data, geochemi-
cal data indicate that the springs have a fairly 
uniform circulation depth of about 3 km. Thus, if 
the spring system is a manifestation of roll-like 
convection within the fault, the somewhat small 
aspect ratio (cell wavelength vs. depth) suggests 
that the permeability of the fault zone may be 
anisotropic: the vertical permeability may be 
greater than the horizontal. 
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I. Introduction  
This document represents the third semi-annual technical report on 
our research on convection in faults and fracture zones and some related 
problems. This work represents a continuation of the effort which was 
initiated under the USGS grant number: 14-08-0001-G-365 as part of the 
Extramural Geothermal Research Program of the U. S. Geological Survey. 
The initial phase of the work was done in conjunction with Dr. G. 
Bodvarsson of Oregon State University; however, his group is not 
directly involved in the present research effort. The present research 
is being conducted under grant number: 14-08-0001-G-540. 
The principal achievements during the past six months have been to: 
(1) continue the work on the temporal evolution of convection in 
fractures to include a parabolic velocity profile across the fracture 
aperture and (2) initiate the development of a finite-difference model 
for time dependent convection in a fault/fracture zone. 
The main body of the report which follows is divided into 
subsections: II. General Framework and Objectives; III. Convection in a 
Fluid-Filled Fracture; IV. Convection in a Fault or Fracture Zone; V. 
Bibliogrphy; VI. Work Plans for the Coming Report Period; VII. Students 
Supported. 
II. General Framework and Research Objectives  
The energetics of geothermal systems depend fundamentally upon 
patterns of heat transport and fluid flow within heated, highly 
permeable regions of the earth's crust. The ultimate source of heat for 
many geothermal systems is undoubtedly of magmatic origin; but in some 
cases, the geothermal fluid is heated at depth as a result of an 
unusually high geothermal gradient. Most of the systems in the basin 
and Range Province are probably of the latter type (White and Williams, 
1975). 
Of even more importance, however, is the nature and distribution of 
permeability within the geothermal reservoir. The permeability may 
either be primary, resulting from interconnected pore spaces within the 
rock volume or secondary, resulting from fractures and/or fault zones. 
In all geothermal fields currently under production, the geothermal 
fluids are withdrawn from discrete fractured regions within the 
reservoir, yet most mathematical modeling of geothermal systems has 
assumed a Darcian type of flow through a rock with a bulk permeability. 
This is not to say that it has been necessarily assumed that the 
permeability is of a primary type, but rather that one normally assumes 
the fractures to be on such a fine scale that, for mathematical (or 
numerical) convenience, the Darcy flow model is appropriate on spatial 
scales of the order of the reservoir dimensions (or finite 
element/difference grid spacing). 
The mathematical treatment for the onset of thermal convection 
under such assumptions follows the method of Lapwood (1948), or some 
deviant of it; and the treatment of finite amplitude convection uses the 
same basic perturbation equations with the addition of higher order, 
non-linear transport terms which are neglected in the linear stability 
analysis. These models have provided many useful results with regard to 
the physics of geothermal systems, but often this approach may be quite 
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unrealistic. Geothermal systems in which main permeability is furnished 
by narrow, discrete, widely separated fault and/or fracture zones 
imbedded in an otherwise impermeable rock are better handled by somewhat 
different techniques. Examples of the latter systems are found in 
Iceland, where dikes provide the main vertical permeability, in the 
Basin and Range, where long, deep, master faults probably procide the 
main vertical permeability (Hose and Taylor, 1974), and possibly in the 
oceanic crust (Lowell, 1975; Sleep and Wolery, 1978). 
The principal purpose of this research is to examine thermal 
convection in long, deep, but very narrow vertical fracture spaces. The 
initiation and temporal evolution of the physical processes are to be 
studied on the basis of mathematical-physical approximation methods and 
finite element and/or finite difference techniques. The results are to 
be interpreted with regard to known geothermal systems in the Basin and 
Range and other regions where major faults and fractures are the 
structures controlling the permeability. 
III. Convection in a Fluid-Filled Fracture  
The first models of convection in which the reservoir permeability 
was assumed to be controlled by a few narrow, widely-spaced, deep, 
vertical fractures were developed by Bodvarsson and Lowell (1972) and 
Lowell (1975) and the results have been extended recently (Bodvarsson, 
1978; Lowell, 1979a, 1979b) to include some aspects of temporal 
evolution and thermoelastic phenomena. However, although the discrete 
fracture models are conceptually quite simple and potentially very 
useful, they are not nearly so well developed as their porous medium-
Darcy flow counterpart. 
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One aspect of the fracture models which has not been treated in 
the earlier models involves a more careful examination of the fluid flow 
within the fracture and the heat transfer across the fracture walls. In 
previous models, the velocity across the aperture of the fracture was 
assumed to be constant, and given by the average velocity between two 
parallel plates; and the temperature across the aperature was assumed to 
be uniform. These assumptions are suitable for determining the average 
heat transfer rate by the moving fluid; however, geochemical effects 
such as clogging of fractures by precipitation from solution and 
deposition of chemical species and other rock-fluid interactions, may 
depend significantly on the detailed temperature and velocity structure 
across the fracture opening. Temperature and velocity variations across 
the fracture width may become increasingly important as the fracture 
width increases beyond several millimeters or so, since convection 
within the fracture may occur. On the other hand, as the fracture width 
increases, turbulent flow may develop which would tend to smooth and 
temperature and velocity variations across the fracture opening. 
A.  Basic equations 
The basic equations are the equations for the conservation of mass, 
momentum and energy. Assuming the fluid to be incompressible, 
conservation of mass requires 
v .v = 0 	 (I) 
whereas conservation of momentum requires 
p6-/dt = - vP + n v 2 ‘i+ 4 	 (2) 
for a viscous fluid or 
4 
1/4 att/t = - vP - n1( 1 .4 +pg 	 (3) 
for Darcian flow in a porous medium. In the above equations Vls- is the 
fluid velocity (or Darcian velocity where applicable), t the time, p is 
the fluid density, n the dynamic viscosity, K the permeability tensor, cb 
the porosity, 	P the pressure, and g the acceleration due to gravity. 
The conservation of energy equation for fluid in a fracture, or porous 
rock is: 
ps(DT/at + 	= Av2T 	 (4) 
where T is the temperature, s the specific heat of the fluid, A the 
thermal conductivity of the fluid (or solid rock matrix in the case of a 
porous medium); and in impermeable rock the heat transfer equation 
reduces to the heat conduction equation 
3T r 	= a*v
2
T r 	 (5) 
where a* is the thermal diffusivity of the rock and T r refers to the 
rock temperature. In addition to the basic equations one must apply 
boundary and initial conditions as well as the matching conditions that 
the temperature and heat flux across the fracture walls are continuous. 
These conditions combined with the above equations represents a 
rather formidable mathematical problem which can only be solved in 
special cases. One can consider two broad categories of problems: (1) 
forced flow-in which the velocity field is specified a priori and the 
temperature field is determined from the given velocity field; (2) 
natural convective flow--in which flow derives from thermo-gravitational 
instability. One example of a forced flow problem is given below. 
Section IV will discuss some recent work on convective flow. 
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B. 	Forced flow in a narrow, open fracture. 
Consider a model fracture as a rectangular,open,vertical, flat-
walled channel of width 2h in a semi-infinite, impermeable rock slab of 
height H and length 2L. Assume a Cartesian coordinate system with its 
origin at the top of the slab and mid-way between the fracture walls and 
oriented with its z axis vertically downward, y axis along the strike of 
the fracture and the x axis in the horizontal direction perpendicular to 
the fracture aperture. 
As an initial state, assume steady heat transport by thermal 
conduction in the slab with conditions 
T°(x,y,0) = 0 
	
T°(x,y,H) = To 	 (6) 
and let the thermal diffusivity of the rock and fluid to be equal. Then 
the initial steady-state condition is given by 
T°(x,y,z) = az 	 (7) 
where g is the geothermal gradient. At time t = 0 a specified fluid 
velocity distribution is initiated in the region -h<x<h; 0<z<H; -.<y<- ; 
 the pertinent heat transport equation is then given by (4) and (5) where 
Vps = a = a*. As a first order approximation, let the velocity v be a 
small perturbation. Then writing T as 
T = T° + T' 
where T' is a perturbed temperature, equations (4) and (5) reduce to 
a T'/D t - v
z
o = 	a v
2
T' 	 (8) 
in the fracture; and 




in the rock, where vz is the vertical velocity component and second 
order terms are neglected. In the first order approximation with 
v
z 
specified (8) takes on the form of a heat conduction equation with a 
temperature souce (or sink) of magnitude - v z0; (8) and (9) can then be 
combined into a single equation. 
The most convenient method of solution is by the Green's function 
method, the formal solution being given by: 
If 
T I (x,y,z,t) = -0 jiv z (x l ,y'z')G(x,x l ,y,y 1 ,z,z 1 ,t-T) dx'dy'dz I dT 	(10) 
where G is the Green's function. With boundary conditions 
T'(x,y,0) = (T'(x,y,H) = 0 	 (11) 
aT 1 (0,y,z)/;x = T'(L,y,z) = 0 
and anticipating a period solution in y, the Green's function is found 
to be 
G(x,x 1 ,z,z 1 ,t) = 4 
	
cos(m+1/2) Trx/L cos(m+1/2)7x l /L. 
m=0 
n=1 





2 + n2/H 2 )] 
	
(12) 
The velocity distribution is assumed to arise from convective 
instability and to take the form of a two-dimensional roll with it's 
axis perpendicular to the strike of the aperture of the fracture. The 
vertical velocity must vanish at the top and bottom of the fracture as 
well as at the side walls. A velocity distribution which satisfies the 













where C is assumed to be constant given roughly by 
C = (1/211)(dP I /dz) 	 (14) 
where dP I /dz is a mean perturbation pressure graident. 
As can be seen from (8), vy  does not enter the first order 
solutions; and substituting (12) and (13) into (10) gives 
T'(x,y,z,t) = 
4Cel 




art 	 m=0 
[(m+1/2)mh/L cos(m+1/2)mh/L - sin(m+1/2)7h/L] cos (m+1/2)7x/L 	(15) 
-{ 1 - exp[-am 2t((m+1/2) 2/L2 + 1/H 2 )] 
The solution (15) may be simplified considerably by noting that h is 
much less than L. Physically one would expect the temperature 
pertubation to fall to zero at a distance LIM, the depth of the fracture 
system. Since h ti 10 -2m and L -6 10 3m, h/L 1, 10
-5
. Since a 
reasonable approximation may be expected by summing only a few terms in 
the series, one can expand the factors in h/L in a MacLaurin series. 
Thus, 
















The result (16) shows several interesting features. First of all, 
the temperature anomaly is extremely sensitive to the fracture width, 
being proportional to h
3
. Secondly, the temperature anomaly at the 
fracture is dominated by the factor multiplying the series, particularly 
for large times. Inserting C from (14) gives roughly 
9 
I T' 
 Max' = 2(dP/dz) f3Lh3 /3a72 n 	 (17) 
in the steady state. 
Most important, however, is the variation in temperature across the 
fracture apature. For h/L 1. 10
-5
, the cos (m+1/2)nx/L -t. 1-[(m+1/2) 
irx/L] 2 which is approximately 1-10 -10 ; so for a single narrow fracture 
the temperature variation across the fracture is extremely small and 
should be negligible in geologic situations. 
C. 	Forced flow in a closely spaced system of fractures. 
On the other hand, suppose one considers a set of narrow, but 
closely spaced fractures. As a result of thermal interaction between 
fractures, an approximate treatment can be given by considering a single 
fracture, but with the condition 9 -179x = 0 at x = L, where L is a plane 
mid-way between adjacent fractures. In this case, the solution (15) 
remains unchanged, except that m + 1/2 is replaced by m. The maximum 
temperature anomaly can be found more rigorously, since the series is 
summable for L/H<<1. Thus, maintaining the assumption that h/L<<1 gives 
I T' max 1 = (dP/dz) oLh 3/9an 
	
(18) 
which is formally of the same order of magnitude as (17). Perhaps a 
more significant change is that the ratio h/L, though still considerably 
less than unity, is not nearly as small as in the case of a single 
fracture. 	For a set of fractures one might expect h/L -t. 10 -2 instead 
of 10
-5
. 	The temperature variation across an individual fracture in 
the set may be one part in 10
-4 
or so. A variation of this magnitude, 
though still small, may be potentially significant. In addition, one 
can estimate the horizontal temperature gradient near the fracture wall 
dT1/dx1 max, x=1! [2(dP/dz) h 4/3aTIL] 	 (19) 
- i  
D. 	Comparison with results assuming a uniform flow velocity. 
If instead of a parabolic velocity profile, a uniform, average 
velocity across the fracture is assumed, the temperature perturbation 
takes on a slightly different form. The average velocity between 
parallel plates separated by a distance 2h is 
v z = - ((h
2/3n)dP/dz)cosTry/H si n Tr z/H 
	
(20) 




 L2cosTry/H sin7rz/H. 
00 





C* = -(h2/3n)(dP/dz) 	 (22) 
and expanding for mwh/L<<1 yields a solution identical to (16). Thus to 
first order in smallness of h/L, the parabolic velocity profile and the 
average velocity profile give the same result. Therefore, the 
horizontal temperature variations across the fracture appear to be 
negligible, especially for widely spaced fractures, regardless of the 
velocity profile used. Details of the velocity profile should be 
unimportant except for chemical processes which are sensitive to 
temperature variations of the order of one part in 10
4 
or less. The 
result derived here may break down if the fracture width is great enough 
for convection cells to form across the aperture of the fracture. It 
10 
seems unlikely that such fractures would exist at depth in geologic 
systems. 
IV. Convection in a Fault Zone  
A major goal of this research program is to develop models of 
convection in a fault or fracture zone. Results to date have been 
reported previously (Lowell, 1977a, b, 1979a, b; Lowell and Shyu, 1978). 
These results have addressed criteria for various stability problems, 
but they have not been concerned with transient effects due to lateral 
heat conduction between the fault zone and the adjacent impermeable 
rock. This problem is essentially of a numerical nature, and we are 
currently developing a finite-difference model. The work will follow 
the three-dimensional approach outlined by Hoist and Aziz (1972), but 
with the additional complications arising from the presence of 
conducting boundaries. 	Results of this work will be given in a future 
report. 
V. Bibliography  
Bodvarsson, G. 1978, Convection and thermoelastic effects in narrow 
vertical fracture spaces with emphasis on analytical techniques, 
Final Report, USGS Grant 14-08-0001-G-398, 111 p. 
Hoist, P. H. and K. Aziz, 1972, Transient three-dimensional natural 
convection in confined porous media,  Int. J. Heat and Mass  
Transfer, 15, 73-90. 
Hose, R. K. and B. E. Taylor, 1974, Geothermal systems of northern 
Nevada, U. S. Geological Survey, Open-file report, 74-271, 27 pp. 
Lapwood, E. R., 1948, Convection of a fluid in a porous medium, Proc.  
Cambridge Phil. Soc., 44, 508-521. 
11 
Lowell, R. P., 1979a, Convection in narrow, vertical fracture spaces, 
Semi-Annual Technical Report No. 1, USGS Grant No. 14-08-0001-G-
540, 28 p. 
Lowell, R. P., 1979b, Convection in narrow, vertical fracture spaces, 
Semi-Annual Technical Report No. 2, USGS Grant No. 14-08-0001-G-
540, 18 p. 
Lowell, R. P., 1977a, Convection in narrow, vertical fracture spaces, 
Semi-Annual Technical Report No. 1, USGS Grant No. 14-08-0001-G-
365, 10 p. 
Lowell, R. P., 1977b, Convection in narrow, vertical fracture spaces, 
Semi-Annual Technical Report No. 2, USGS Grant No. 14-08-0001-G-
365, 16 p. 
Lowell, R. P., 1975, Circulation in fractures, hot springs and 
convective heat transport on mid-ocean ridge crests, Geophys. J.  
Roy Astr. Soc., 40, 351-365. 
Lowell, R. P. and C. T. Shyu, 1978, On the onset of convection in a 
water-saturated porous box: effect of conducting walls. Letters in  
Heat and Mass Transfer, 5, 371-378. 
Sleep, N. H. and T. J. Wolery, 1978, Egress of hot water from mid-ocean 
ridge hydrothermal systems: some thermal constraints, J. Geophys.  
Res., 83, 5913-5922. 
White, D. E. and D. L. Williams, eds., 1975, Assessment of geothermal 
resources of the United States - 1975, U. S. Geological Survey  
Circular, 726, 155 p. 
12 
VI. Work Plan for the Coming Report Period  
The principal effort over the next six months will be on the 
development of the finite-difference model. The programming is now 
underway and results may be available in time for the Spring Annual 
Meeting of AGU. In addition to the numerical work, some further 
analytical modeling will be done, particularly on narrow, open fracture 
systems. 
VII. Students Supported  
Mr. Heroel Hernandez-Cortez will be completing his Masters thesis 
under this program. His thesis will be on finite difference modeling of 
three-dimensional transient convection in a fault zone. 
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GEORGIA INSTITUTE OF TECHNOLOGY 
SCHOOL OF GEOPHYSICAL SCIENCES 	
Atlanta, Georgia 30332 
July 16, 1980 
	 (404) 894-2857 
U. S. Army Corps of Engineers 
Mobile District 
P. O. Box 2288 
Mobile, Alabama 36628 
Subject: Annual Summary Report covering the period 1 May, 1979 to 
1 June, 1980 
Re: 	Contract DACW01-78-C-0153 "Microearthquake instrumentation 
and analysis at Carter's Dam, Georgia" 
Dear Sirs: 
Microearthquake monitoring for the period 1 May 1979 to 1 June 1980 
was accomplished with a coverage of 81.6 percent of the total available 
recording time. 	The percent coverage for each month is given in Table 
I. 	(Of this coverage, approximately 25 percent of the coverage was not 
readable due to noise from the pumpback operation.) 
During the recording period several seismic events have been 
recorded at the Carter's Dam station. Some of these events are given in 
Table II along with their location. Numerous quarry blasts occurring 
within a distance range of 14 to 250 km were identified from their 
arrival times and seismic characteristics. A few teleseisms were also 
recorded by the Carter's Dam station. These events have been 
catalogued, and their arrival times are available if desired. 
The impulsive disturbances which were described in our special 
report of 11 September, 1979 continued to occur but at a reduced level 
of activity. No additional information on their origin, spatial or 
temporal distribution has been forthcoming. The impulsive disturbances 
are believed to be local to the immediate geophone area. 
During the recording period of 1 May, 1979 to 1 June, 1980, no 
earthquake of natural origin has been detected within 10 km of the 
Carter's Dam seismic station. 
Installation of a new seismic station in the eastern portion of the 
reservoir is complete at the field site. The signal should be connected 
to the communication system in mid July. Figure 1 and Figure 2 show its 
location. The station, CRG (Coosawattee River, Georgia), is in an area 
that appears to receive little, if any, traffic from hikers, hunters, 
and campers. The installation should be secure and quiet, allowing 
recording at increased gain. This will allow recording during pumpback 
operation, location capability for nearby events, and improved coverage 
of the backwater area of the reservoir. 
As requested in a telephone coversation on 13 August 1979 we are 
attaching an analysis of data we obtained for the southeastern Tennessee 
earthquake and its aftershock sequences. 
Respectfully submitted, 





Monthly Seismic Recording/Percentage Coverage 
Month - year 	 Percent Seismic Recording Coverage  
May 1979 	 99% 
June 1979 	 76% 
July 1979 	 99% 
August 1979 	 93% 
September 1979 	 98% 
October 1979 	 96% 
November 1979 	 87% 
December 1979 	 63% 
January 1980 	 89% 
February 1980 	 90% 
March 1980 	 53% 
April 1980 	 35% 
May 1980 	 75% 
TABLE II 
Some Events Recorded by the Carter's Dam Station 
19 July 1979 	10:27:16.52 	35.146N 	84.755W 
S. E. Tennessee, Cleveland 
	
13 August 1979 05:19:08.89 	35.220N 	84.390W 
S. E. Tennessee event, Tellico Plains 
13 August 1979 05:27:34.55 
Tellico Plains event aftershock 
13 August 1979 05:30:09.10 
Tellico Plains event aftershock 
13 August 1979 05:36:41.9 
Tellico Plains event aftershock 
13 August 1979 05:39:36.9 
Tellico Plains event aftershock 
25 August 1979 01:32:12.95 
Lake Jocassee 
34.8471N 	82.9467W 
12 September 1979 	06:24:24.7 35.5151N 83.8927W 
Near Fontana Reservoir 
29 October 1979 	20:28:02.0 35.3196N 84.8423W 
North of Cleveland, Tennessee 
10 January 1980 	19:18:48.9 27.0944N 85.8713W 
Gulf of Mexico 
24 January 1980 	04:12:27.2 35.5581N 84.2652W 
Tellico Plains, Tennessee 
20 April 1980 23:20:43.70 35.5537N 83.9864W 
South Knoxville 
21 April 	1980 20:44:01.90 35.8882N 83.9828W 
South Knoxville 
4 
SCALE IN MILES 
2 	3 
NOTE : POOL ELEVATION SHOWN IS MAXIMUM POWER . 
POOL ELEVATION 1070 FEET ABOVE MEAN SEA LEVEL 
COOSAWATTEE RIVER, GEORGIA 
RESERVOIR MAPPING 
CARTERS DAM RESERVOIR PROJECT 
INDEX MAP 
Figure 1. Carter's Dam reservoir project index map showing seismic 
station locations CDG and CRG. 
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Figure 2. Site location map for seismic station CRG. 
The August 13, 1979, Southeast Tennessee Earthquake 
by L. T. Long, J. Musser, Gordon Smith, Anton Dainty and Andy Binford 
Introduction  
On August 13, 1979 at 05:18:56.6 UT an earthquake of approximate 
magnitude 3.3 occurred in southeastern Tennessee about 20 km SSW of 
Tellico Plains. Immediately following detection of the event, 
investigators from Georgia Tech and the Tennessee Earthquake Information 
Center placed portable seismic equipment near the estimated epicenten A 
four station aftershock survey was initiated August 14, 1979 and was 
extended to September 18, 1979 with assistance from the Tennessee Valley 
Authority. Following the survey additional regional seismic recordings 
for the main event were obtained and analyzed. The objectives of this 
report are to present the results of Georgia Tech's investigation of the 
data for the main event and from the aftershock survey. 
Regional Seismicity  
The epicenter of the August 13, 1979 event is located in the Valley 
and Ridge Province of the Appalachian Mountains near its boundary with 
the Blue Ridge Province (Figure 1). The area is underlain by strongly 
folded and faulted Precambrian to Pennsylvanian sediments. The area of 
southeastern Tennessee within an approximate radius of 100 km of the 
epicenter of the August 13, 1979 earthquake has experienced a moderate 
level of seismic activity. The epicenter falls within the southern 
Appalachian Seismic Zone of Bollinger (1973). From 1829 to 1976 there 
were 38 events felt in southeastern Tennessee within a radius of 100 km 
of the August 13, 1979 event. The largest of these occurred in March 
1913 and had a maximum epicentral intensity of VII (MM) (see Figure 2). 
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Figure 1. Location map for southeastern Tennessee. 
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Figure 2. Regional Seismicity map. 	Circle denotes 100 km radius from 
the location of August 13, 1979 earthquake. 
Intensity Survey  
Immediately following the August 13, 1979 event Georgia Tech 
initiated an intensity survey in the immediately vicinity of the 
epicenter. Over 45 individual responses were obtained in the field or 
subsequently mailed to Georgia Tech. In addition the U.S. Geological 
Survey initiated a survey of post masters covering a considerably wider 
area. From these two sets of questionnaires, intensities were evaluated 
according to the Modified Mercalli scale and the felt reports are 
summarized in Figure 3. Table 1 is a summary of the intensity data 
showing the distribution of observed intensities at each community. The 
Intensity IV area has an approximate radius of 40 km and Intensity IV 
(MM) is considered the maximum intensity for the event. There were only 
a very few indications of Intensity V in the central area and these were 
not sufficient to justify a maximum intensity rating above IV. The 
total felt area was approximately 15,000 km2 and the intensity IV area 
was about 5,000 km2 . 
Location  
Usable records for the East Tennessee event of August 13, 1979 were 
obtained from 15 regional seismic stations (see Table 2 for arrival 
times). The hypocenter determined from these arrival times is 
35 ° 13.20'N±1.91 km and 84 ° 23.43'W ±1.63 km with an error ellipse with an 
area of 12.8 km2 (see Table 2 for details). The depth of focus was 
5.0 km ± 4.5 km. However, the depth of focus computation requires 
knowledge of the Moho depth near the epicenter. If the Moho depth is 
deeper than that of the model used for location (i.e. 33 km) the event 
may appear to be located above the surface. Hence, we modified the 
model in the location program to correspond to a depth of 49.6 km which 
MODIFIED MERCALLI INTENSITY 











Figure 3. Distribution of Intensity Data (Modified Mercalli) for the 
August 13, 1979 earthquake in southeastern Tennessee. 
Table 1. Summary of Intensity Data for the southeastern Tennessee 
























































i 	II 	III 	IV 	V 
County 	State 	Avg. Intensity(ies) — 
Polk TN III 	 1 
Polk 	TN 	III 1 
Cherokee NC III 	1 	1 	3 
Fannin 	GA 	III 1 1 
Cherokee NC III 	 1 
Gilmer 	GA 	II 1 
Towns GA IV 	 1 
Fannin 	GA 	IV 1 
Hamilton TN IV 	 1 
Blount 	TN 	II 1 
Polk TN IV 	 1 
Polk 	TN 	IV 6 	1 
Polk TN III 	 1 
Fannin 	GA 	IV 1 
Monroe TN III 	 1 
Monroe 	TN 	III 1 
Polk TN IV 	 1 
Hamilton TN 	I 1 
Murray 	GA IV 	 1 
Gilmer. GA 	IV 1 
Hamilton TN II 	1 
Whitfield GA 	III 1 
Cherokee NC III 	 1 
Hamilton TN 	III 1 
Caly 	NC III 	 1 
Hamilton TN 	IV 1 
Monroe 	TN III 	 2 	2 
Bradley TN 	III 1 	2 3 
Fannin 	GA IV 	 1 
Bradley TN 	III 1 
Monroe 	TN IV 	3 	8 	2 
Polk TN 	IV 1 3 
Polk 	TN IV 	 1 
Polk TN 	IV 1 
Cobb 	GA I 1 
Whitfield GA 	III 	 1 
Murray 	GA II 1 
Murray GA 	II 	1 
McMinn 	TN IV 1 
Macon NC 	III 	 1 
McMinn 	TN II 1 
Bedford TN 	II 	1 
McMinn 	TN IV 1 
Cherokee NC 	II 	1 
Meigs 	TN I 1 
McMinn TN 	IV 	 1 
Murray 	GA III 1 
Monroe TN 	IV 	1 	3 	3 	1 
McMinn 	TN IV 2 
Polk TN 	III 	 1 
Fannin 	GA III 1 
Hamilton TN 	III 	 1 






































Table 2. Arrival times at regional seismic stations and location data 
for the August 13, 1979 earthquake. 
1)0416SE .lrA-TON 
1 PLG CLIG)? 
2 SLG-PLG CDG 
3 PLO TVG .F. 
4 PN REG'. 
5 SN-PN REG_ 
6 PN C H 6 
-7 PN 
8 SN-EN EP1- 
-9 F'N ET(:3 
1.0 PN WDO-z 
11 SN-EN WDO5 
12 PLO TKL) 
13 SLG TKL: 
14 SLG-PLG CPO , 
15' PLO SRN 
16 01_0 
17 PLG SPW -; 
18 SU; SRW, 
19 PLG SRDI 
20 SLG SRD: 
21 PLO SRN 
22 SLU SRN_ 
23 EN 1-1Dfl 
24 EN SGS2, 
25 EN MTT 
26 EN LHS , 
'7 PN PRW: 
28 PN CHF:' 
29 PN JSC 
30 EN SH1 
31 SLG SH1' 
32 PN SH2T. 
33 SLG SH2 
34 F'N 
35 SLG SH3: 
36 PLO BO3 
37 PLO LPM 
38 PLO SMT 
39 EN SRN 
40 EN SRW 
41 EN SRD 
42 EN SRN 
AWN/AL 	 &ROIL 
lie MI1J SOC. 	 ± sec. 
19 8.800 .100-N 
0 8.800 .100 
19 17.060 .100 
19 31.10 0 .500 
0 25.04 0 .500 
19 31.200 .500 
19 31.150 .500 
0 25.100 ..500 
19 32.960 .500 
19 33.000 .500 
0 21J.560 .50Q 
19 9.200 .100 
19 18.200 .10Q 
0 14.800 .100 
19 50.500 1.000 
20 2P.300 1.000 
19 51.800 1.000 
20 32.000 1.000 
19 5:2.000 1.000 
20 30.80 1.000 
1C 5. 0 00 1.000 
2f , 2."0 0 1.00Q 
1.9 59550 5.000 
19 54.950 5.000 
19 40.050 5.000 
19 45.400 5.000 
19 31.650 5.000 
1 9 29.90 5.000 
19 41.750 5.000 
20 4.500 5.000 
21 11.300 5.000 
20 4.300 5.000 
21 10.200 5.000 
20 5.700 5.000 
21. 12.J00 5.000 
19 20.170 1.000 
19 1.q.90 0 1.000 
19 20.140 1.000 
19 44.000 1.000 
19 45.300 1.000 
19 44.400 1.000 
19 43.400 1.000 
Table 2. 	(Continued....) 
STATION PHASE HR MIN SEC +OR -SEC DIST AZ 
CDG PLO 5 19 8.80 .10 72.24 200.5 
CDG 8LO-PLG 0 0 8„80 .10 72.21 200.5 
TVG PLO 5 19 17.06 ,1O 125~03 221^9 
REG PH 5 19 31.10 .50 219.27 153,6 
REG SP -PN 0 0 25,01 .50 219.27 153.6 
CH6 PO 5 19 31.20 .50 221.22 130.6 
Fri FN 5 19 31.15 .50 221.41 129.0 
EP1 SP-PH 0 0 25.10 .50 221_11 129.0 
ET6 PH 5 19 32„96 '5O 233.93 155~6 
WDG PN 5 19 33.00 05O 231.02 150,9 
WDG SP-PH 0 0 25.56 .50 231,02 150.9 
TLL FLO 5 19 9.20 
5 19 18„20 410 74,22 18.9 
CF[/ 0-PI G 0 0 14,8.) .10 115,19 2Y1.-.2 
HI ,:r PO 5 19 58,55 1,00 411.96 124j.'! 
SGS FO 5 19 54.95 1,00 118.6] 
ISO Fi! 5 19 
Fo 19 1_00 10i.o 
PP/' P1.1. 5 1.00 
Ow r0 5 19 29,95 1,00 211,05 
LFroL 	ELLTEr 	'AO 	AS 	EOLLOW 
a.MJ- NtoOF AXIS LENGTH 1^524O KM. 
sLMImi)JO LrooTH 2,6973 KM, 
G7.1.mVfH 	or i-1JOR 14:3.7282 DEG. 
i)FL6 	OF 	Fr1.1FL SO,KM, 
mv..N.f6H.; De...11ATTo 
is equivalent to subtracting exactly 2.0 seconds from the arrival times 
of the Pn phases. The depth of the Moho in the vicinity of the August 
13, 1979 event varies from 40 to 55 km deep on the basis of data from 
Kean and Long (1980). The depth computed for an assumed Moho at 49.6 km 
was 9.7 km ± 4.5 km. Interpolation of the Moho depth from Kean and Long 
(1980) on the basis of the revised epicenter indicate a 45 km Moho 
depth. Then correcting the 9.7 km depth of focus for the difference 
between a 45 and 49.6 km deep Moho gives 5.0 km ± 4.5 km depth. This 
estimate is consistent with a 6.0 km depth of focus found for one of the 
aftershocks (see discussion below). If one assumes a 6 km depth of 
focus for the main shock, then the method of Kean and Long (1980) 
implies a 46.5 km deep Moho which is consistent with their data for the 
north Georgia area. 
Magnitude  
The magnitude of the event was determined from duration data from 
ten stations. For these stations the duration ranged from 240 to 270 
seconds. Using Bollinger's (1979) formula 
mb = 2.44 Log ic) D - 2.87 
a magnitude of 3.0 was found. Using a similar formula from the U. S. 
Geological Survey which they apply to the South Carolina seismic network 
m(D) = 2.0 Log 10 (D) - 1.5 
the magnitude was 3.6. 	We will assume an average magnitude of M(D) = 
3.3 ± 0.3 as a reasonable estimate for the August 13, 1979 main event. 
Focal Mechanism  
A study of the directions of first motion was made for 16 stations 
(Table 3). The first motions were then evaluated for the domain of 
valid focal mechanisms using a computer technique developed in Guinn and 
Table 3. First Motion data for southeastern Tennessee earthquake of 
• August 13, 1979. 
AZIMUTH-  	• 1ST MOTION-7) 
	
44.400 	 65.000 1.00 
204.900 65.000 	 1.00 
151.400 	 42.000 -1.00 
156.200 42.000 	 -1. .00 
154.100 	 42.000  





121.700 	 , 
00• 	 1.00 
84.400 , 
8 	40;0 , 
.9'00 	 01 . 
221.100 65.00 C 	 1,00 
1 
Long (1977). 	The distribution of first motions is given in Figure 4. 
The valid P T and B axes for these first motions are shown in Figure 5. 
The P-axis is constrained by the data distribution to (545 °E, 70 ° dip) 
within 20 ° . Two dominant zones of B and T axis are allowed. These 
indicate fault plains as given in Table 4. 
Table 4. Fault plains for focal mechanism solutions  
Strike 	 Dip  
Solution 1 N65W 	 25 S 
N80E 	 65N 
Solution 2 N7OW 	 50NE 
N1OW 	 55W 
We interpret the data in table 4 to imply normal faulting on 
northwest trending faults. The normal faulting mechanisms differs from 
previous focal mechanism for southeastern Tennessee which indicate 
thrust faulting (see Guinn 1977). This event and previous events 
indicate faulting which is normal to the dominant trend of the near 
surface faults and geologic units which represent Paleozoic deformation. 
Aftershock Study  
Associated with this event were four aftershocks recorded at 
regional stations within four hours of the main event. The third of 
these was recorded at four stations in the Georgia Tech network and was 
independently located at 35 ° 17.8'N, 84 ° 30.7 ° W. Its origin time was at 
5:36:28.6 ± 0.9 sec on August 13, 1979. 
Within one day after the main event on August 13, 1979 the 
Tennessee Earthquake Information Center and Georgia Institute of 
Technology established a joint aftershock monitoring network consisting 
of four smoked paper recorders. Records were changed daily by Georgia 
AUGUST 13, 1979 
S.E. Tennessee 
Figure 4. Lower hemisphere plot of first Motion data for the August 13, 
1979 southeastern Tennessee earthquake. 
Figure 5. Lower hemisphere projection of valid P, T, and B, axis for the 
August 13, 1979 southeastern Tennessee earthquake. 
Tech and Tennessee Valley Authority personnel for a period of one month 
and the timing was correlated with WWV daily. The stations were placed 
at locations surrounding the epicenter of the main event (see Table 6). 
From August 14 to August 15, three possible aftershocks were 
recorded by these stations. One was recorded at only one station and 
was not located. The other two were located (see Table 5). The depth 
of focus for the aftershock occurring at 8:14:14.7 on August 15, 1979 
was at 6.5 km. This value was used earlier to confirm the depth of the 
main event. After this aftershock, the temporary recording stations 
were relocated in order to better surround the epicenters of the 
recorded aftershocks (see Table 5). 
These stations were operated for one month and during that time 
eleven possible aftershocks were recorded (see Table 6). Of these only 
Table 6. 
PLT 35 ° 13'12.0"N, 84 ° 27'37.5"W 1120 ft. 
IVY 35 ° 17'25.5"N, 84°26'43.5"W 1280 ft. 
FCT 35 ° 16 1 18.0"N, 84°22 1 18.0"W 1625 ft. 
DRT 35°12'37.5"N, 84°21'45.0"W 1850 ft. 
two were recorded at more than one station. During the aftershock 
monitoring period a magnitude 3.2 event was recorded on September 12, 
1979. The event occurred near Maryville, TN. In addition, several 
teleseismic events and regional blasts were recorded. 
Discussion of Results  
The depth of focus of the events indicates a source in the basement 
rocks of the underthrust crust as interpreted from COCORP data (Cook). 
The focal mechanism deviates from past data and may indicate a highly 
non-uniform stress field in the crust. The depth of focus also may 
Table 5. Listing of events recorded during the aftershock monitoring of 
the August 13, 1979 earthquake in southeastern Tennessee. 
DATE 
EVENTS RECORDED : 	GI01401A fEEH LAST TENNESSEE NFTWoRk 
AUGUST - SEPIENBEk 	1979 
STA. 	A.T. 	 S-F 	T 	 O.T. 	 DIST. 
/TEMPORARY) 
LOCATION/COMMENTS 
08/14 SMC 08:21:36.43 11.87 16.28 08:21:20.15 95.04 MOT LUEA1FI 
08/15 SW 02:27154.10 1.76 2.94 02:27:51.16 15.12 LATITUDE-35.0153 ;350,00.9281 4/-3.438L8. MO DEPTH SEOUENCE 
08/15 REL 02127:54.30 2.68 3.14 02:77:51.16 18.24 L0N6ITUDE.84.4285 	011411;25.70m1 	4/-1.075 
08/15 SAC 02:39:47.00 .85 1.17 02:39:45.83 6.83 001 IDEATED; posSIBLI 	PuAsi 
18/15 SAC 0e:09:17.40 2.28 2.66 08:09:14.74 18.259 STATION 001 USED IN LOCATION ROUTINE 
►8/15 L62 08109:17.76 2.22 3.02 08:09:14.74 16.62 LATITUDE-35.1519 	(3511.09.118) 	4/-043104. NO DEPTH SEQUENCE 
08/15 REL 08:09:17.75 2.19 3.01 08:09:14.74 16.51 L0NOI1UDE.84.3322 (841419.938) 	4/-.056014. 
, ms=---- 
08/22 VRT 02:53:34.10 2.36 3.24 02:53:30.87 18.86 NOT LOCATED 
08/22 DRY 05130:18.45 2.49 3.41 0n:30:15.04 19.88 NOT LOCA1ED 
08/26 IVY 01:32:09.62 19.50 24.61 01:31:45.01 150.80 JocASSET. S.C. EVENT 	(NADNITUDE 3.7) 
08/26 FCT 01:32109.38 18.60 24.37 01131145.01 142.94 LA1I1UDE 734.8471 	(341(.50.8014) NO DEPTH SEQUENCE 
08/26 DRT 01132:08.13 19.00 23.12 01:31:45.01 139.12 L0061TUDE•82.9467 1E120.56.80M) 
08/26 IVY 03140104.45 3.70 1.70 03140:02.75 24.82 LA111UDE-35.4946 	I3511.29.67141 	4/-11.07101. 
08/26 DRT 03:40:06.70 3.85 3.95 03:40:02.75 30.77 L006ITUDE-84.4026 (8411.24.1581 	4/-2.739.8. 
08/29 FCT 01115:46.45 2.36 3.23 01115:43.2 18.86 NOT LECATEIH POSSIBLE AFTERSHock 
08/30 DRT 06114:53.98 2.93 4.02 06:14:49.96 23.45 NOT LOCAITD; POSSIBLE AFTERSHOCK 
08/31 DRT 06:26:18.79 2.38 3.27 06:26:15.52 19.07 NOT LOCATED 
09/01 FCT 23:16130.06 3.00 4.11 23:16:25.95 23.99 NOT LOCATED 
09/04 PLT 04:10:36.54 3.01 4.12 04:18:32.42 24.07 NOT LOCATED 
09/09 FCT 16:57:26.42 3.44 4.71 16:57:21.71 27.53 NOT LOCATED 
09/09 DRT 12111:19.80 .47 .65 12:11:19.15 3.77 NOT EDGARD 
09/11 IVY 03143:30.88 9 T NOT LOE4144; ApPAWN1 	TIMING ERRORS; 
09/11 PLT 03:43138.13 ONLY ONE PosSII4J PG PHASE OITUFWED 
09/11 DST 03:43:48.36 .80 1.01 03:43:55,35 5.91 
09/11 FCT 03:43:sA.28 
09/11 IVY 04:25:31.13 10.50 12.os 04:25:18.2u 77.35 LATITUIn 	35.742H 	;351.456.5781 	4/ 	15.:351,11. DEP111-8.00KM. 
09/11 FCT 04:75:31.47 11.00 13.19 04:25:16.28 82.74 LONO11014=84.7256 	(1441443.548) 	4/ 5.1374Tm. 
09/11 PIT 04:25:32.74 10.75 14.46 414:2 . ,:141.28 114.15 
79/11 DRT 04:25:32.87 12.00 14.59 04:25:18.28 88.21 
09/1? IVY 06:24:14.00 6.60 8.17 06:24:05.19 48.28 LATI1U1.E-35.4938 	43511.29.6281 NO DEPTH SEQUENCE 
09/12 FCT 06:24:13.46 9 7.63 06:24:05.19 43.89 LONGLTU1IE=83.9175 18311.55.058 ■ 
09/12 PET 06124:16.59 7.15 10.76 06:24:05.19 55.03 STATIONS FCT. DRT SATURATED 
09/12 MIT 06:24:14.58 7 8.75 06:24:05.19 50.57 MARYVIICI EVEN( 
NO1ES1 
1. ALL DISTANCES ARE IN KILONETTRS. 
2. S-P• T ARE SWIM IN St 1 - 04405. 
3. IF AN EINNT WAS 001 LuEATED4 T. PI57. ARC ARRIVEN UPON AS FOLLOWS: 
1 - 1.37(5-P) 	DIST -8.015-P) 
explain why the maximum intensity was limited to IV(MM). Additional 
data are needed to clarify these results. 
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LOCATED ON: 80/07/07. 14.37,26. 
******************************************* 	 144 - 1 
THE EVENT OCCURED ON AUG 13, 1979 
AT ORIGIN TIME 5:18:56.60 +/- 	.247 
EAST TENNESSEE MAIN EVENT 
MAGNITUDE 3.3 
THE WEIGHTS ARE 
1.000 WY ,, 1.000 WZ= 0.000 WT= 1.000 





















CDC PLC 5 19 0.00 .10 
CDC SLC-PLG 0 0 S.80 .10 72.24 200.5 
TVG PLG 19 17.04 .10 125,O3 221,9 - , !J75 
REIJ 19 31.10 .5 („) 219. :.? .7 l53 6  ,711 
REG SN -RN 0 25,01 219,22' 1. 
CH6 5 19 ^5O 224^72 1.3() 
ER1 PC 5 19 31.15 .50 221-41 129.0 
FPI SC-PC 0 0 25.10 221 	4 1 129.0  
ETC PC 19 32,96 t'..1 (..! 233.93 155,6 
WDS PU 5 33.(Y. -. 02 1 1.17 
'ADC SN -PC 0 5 
TKL PLC 19 ,10 14.22 40,9 
TKL SLG 19 1e.20 .10 74.22 48,9 
CPO O :14.00 .10 115,19 
HPF PC 19 50.55 1.00 444^96 12 ^ ^t 
SGS PC 19 51.95 1.00 412.41 12:!,T 
JSC ro 5 19 41.75 303,64 109, 
LHS PC 5 lc 45.40 1.0C 336,31 10f:r....0 
PRM PN 5 19 31.65 1,00  223^5O 1 ^ 4,O 









5,491 9.495 -.942 
-1.293 	-.942 	.217 
ERROR ELLIPSE IS AS FOLLOWS: 
SEMIMINOR AXIS LENGTH - 
SEMIMAJOR AXIS LENGTH 
AZIMUTH OF MAJOR AXIS 






MEAN RESIDUAL : 	.30742 STANDARD DEVIATION 	.53015 
NO DEPTH COMPUTATION 
;OCATED ON: 80/07/07. 14.53.39. 
:..********************************************************* 
THE EVENT OCCURED ON AUG 13, 1979 
AT ORIGIN TIME 5:18:56.61 +/- 	.163 - 
EASI TENNESSEE MAIN EVENT 
MAGNITUDE: 3.3 
THE WEIGHTS ARE 
WX- 1.000 WY- 1.000 WZ= 1.000 WT= 1+000 




















CDG PLC 5 19 8.8o ,lo b9,98 2O5,3 .321 
CDC SLC-PLG 0 0 8.80 
TVG PLC 5 19 17,06 .10 121.97 221.8 -.509 
REG PN 19 29,10 .50 213,40 154-2 .166 
REG SN-P0 0 O 23,64 .50 213,40 151,2 
CH.6 PM 5 19 29.20 219.50 130,5 -.351 
EP1 PN 5 19 29_15 .50 215,21 128,9 -.002 
EPI SN-PN 0 0 23.70 .50 215.21 128,9 -.385 
ETC PN 5 19 30,96 .50 228.14 15.2 
WDC PO 5 19 31.00 .50 225^o6 151.1 
!A!G SN-RN O .50 225.06 151-1 
TRE PEG 5 19 9.20 .10 73.93 41_1 .067 
TKL SLG 5 19 18,20 .10 73,93 44.1 -.091 
CPO SLC-PLC 0 o 1.4ao .10 121,06 292,4 .18S 
HBF PN 19 56,55 1.00 438,09 123.9 
SCS PN 5 19 52.95 1,00 112.59 1 . „:1-7 -.261 
J9C 1,,00 298,.03 .500 
LHS !..„ 19 13.10 1.00 331.02 
PRM PN 5 19 29.65 1.00 217.38 123_7 
CHI PN 5 19 27.95 1.00 201.85 128, ,1 
DIAGONAL ELEMENTS 
l-8783 ^ ^6245 4.6?10 
COVARIANCE MATRIX: 
21,079 56.131 
24-079 25.713 -.113 49.822 
-.416 -.147 .216 1.859 
56.131 19.822 1,859 111.05S 
ERROR ELLIPSE IS AS FOLLOWS: 
SEM:EMI:NOR 	AXIS LENGTH .8908 KM. 
SEMIMAJOR AXIS LENGTH - 2.8115 KM, 
AZIMUTH OF MAJOR AXIS 139.9233 DEG+ 
AREA OF ELLIPSE 7.8620 SU.KM. 
ECCENTRICITY .9185 
MEAN RESIDUAL : 	:00293 STANDARD DEVIATION 
WOULD YOU DELIEvE IT CONVERGED 
VELOCITY RAT10 COMPUJATION COMPLETE 
, H 
. 	 . 	 . I"; 
^ "'. 
LOCATED ON:, 	SO/07/07. 15.12.07. 
*********************************************** 
THE EVENT OCCURED ON AUG 13, 1979 
AT ORIGIN TIME 	 950 
EAST TENNESSEE EVENT AFTER S HOCK 
MAGNI TLJDE: / 
THE WFIt'•HTS 
WX ,, 	1,00C' 	WY= 	I 	 1„,•fl 
IT WAS LOCATED AT 
LATITUDE 	35,2959 	- 
LONGITUDE • ,••. 
DEPTH 	1^OO 	+/- 	0,000 RM. 
SEC 
	









SEN0fi.NOP AXIS LENG -fH - 	 LO 
SEMIM(,JOR AXIS Lro .;...., TH 
A7IMU -',H OF MAJOR AXIS  
AREA OF Ell....TPS•E 
ECCENTRICITY 
MEAN RESIDUAL 	„1737 STANDARD DP:IAT1.O 	1,1b 
NO DEPTH 
LOCATED ON: 80/07/07. 15.21.32. 
************************************************************** 
THE EVENT OCCURED ON AUG 13, 1979 
AT ORIGIN TIME 5:36:29.04 +/- 	.776 
EAST TENNESSEE EVENT AFTERSHOCK 43 
MAGNITUDE: / 
THE WEIGHTS ARE 
WX 7,, 	1.000 	WY 	1.000 	WZ.'- 	1.000 	WT 
















STATION PHASE HR MIN SEE 1..;DR -SEC DIST AZ GY:, S 
TVG PLG 5 36 50.05 ,10 124.70 .06"! 
TVG SLG-PLG 0 0 15.50 .10 124:70 219,6 .417 
CDG FLO 5 36 41.90 .10 73.84 196-7 ,.720 
CDG SEG 5 36 50.50 .10 73-21 196.7 
TKL REG ' 36 42.00 .10 75.15 52.7 
TKL Si6 5 36 51~OO ^1O 75^45 52^7 -.231 
CH ,:i RN r: 8,35 ,30 256.02 130,5 1.447 
CH5 St-: 5 37 36,60 .30 130,5 
ETG RN 5 37 3.10 .30 232.36 155.0 -1,651 
ETG SO 5 37 29^6O .30 238.36 155.0 
DIAGONAL ELEMENTS 
3.1958 	2,7712 	 5.7869 
COVARIANCE MATRIM, 
111.405 84.532 -5.168 156 
81.532 71.018 -4.153 124~438 
-5 , 462 -4-453 .511 
156.320 121.430 -5.751 261.552 
ERROR ELLIPSE IS AS FOLLOWS: 
SEMTMINOR AXIS LENGTH = 2.7592 KM. 
SEMIMAJOR AXIS LENGTH = 17.7563 KM. 
AZIMUTH OF MAJOR AXIS ", 141.7177 DEG. 
AREA (Jr 	ELLIPSE 153.9157 SO.KM. 
ECCENTRICITY .9079 
MEAN RESIDUAL : 	.03733 STANDARD DEVIATION 
WOULD YOU BELIEVE IT CONVERGED 
VELOCITY RATIO COMPUTATION COMPLETE 
LOCATED ON: 80/07/07. 15.47.46. 
*******M***********t***************t***************4M 
THE EVENT OCCURED ON AUG 15! , 
AT ORIGIN TIME 2:27:51„-72 +/- 
EAST TENNESSEE AFTERSHOCK 
MAGNITUDE: / 
THE WEIGHTS APE 
WX ,, 	1.000 	WY ,- 	1.000 	WZ:, . 	0.000 Wi- 
IT WAS LOCATED ir'.T 
LATITUDE 	35.2171 	 LN, 
LONGITUDE 84.38Y1 +/- 	2.230 KM, 
	
DEPTH 	5.00 	4./- 0,000 KM, 
STATION F!.!(.,Sr 	Hr... M .N.4 	SP:: 'JJF.. SEC 	DIS 	11.:. 	1. .6'. i-THE 
SM.":: 	F; G 27 5-'...10 	.50 11,05 l':.,::'.: Y .184 
SMC S:..G -PLO 	 11,0J 	196,9 	-....,,,..., 
EEL 	PLG 	 .50 	14.49 230^p -.19 




ERROR ELLIpc is 
SEM1MINOR AXIS LENGTH .., 	2,070 rm, 
SEMIMAJOR AXlS LFOCTH = 5.4928 KM' 
AZIMUTHOF MAJOR AXIS = 	151.1828 DEG. 
AREA OF ELLIPSE 	 48^43S3 b9rm, 
ECCENTRICITY 
MEAN RESIDUAL : 	-.00000 S .VANDAPD DPJIA -fION 	.26154 
NO DEPTH COMPUTATION 
LOCATED ON: 80/07/07. 16.24.55. 
************************************************************ 
THE EVENT OCCURED ON AUG 159 1979 
AT ORIGIN TIME 8: 9:15.26 +/- 	.142 
EAST TENNESSEE EVENT AFTERSHOCK 17 
MAGNITUDE: / 
THE WEIGHTS ARE 
WX- 1,000 WY- 1.000 WZ= 1.000 WT- 1000 

















SEC +OR -SEC 
(35Dy14.01M) 
(S4Dy23,5CM) 
DIST 	AZ 01.-THE 
REL PG 8 9 17.80 1.00 14.93 235,0 -.174 
REL SP1 0 0 2.25 .10 14.93 235.0 
L52 PG 8 9 17.77 1.00 14.48 57.9 -.123 
L52 SP1 ^1O 11.4E: 
U5i PG 8 9 17,22 1.00 8.04 
UGT SP1 0 O 1~53 .0/.1 
SMC PG 9 17 1.00 11,80 
SMC SP1 O 0 2.10 .1O 11.00 slL7 
DIAGONAL ELEMENTS 









13.768 19.375 -.421 
-,121 	.535 
4,718 -2,73? 
ERROR FitIPSF IS AS FOLLOWS: 
SEMIMINOR AXIS LENGTH = 
SEMIMAJOR AXIS LENGTH = 
AZIMUTH OF MAJOR AXIS 







MEAN RESIDUAL : 	-.01437 STANDARD DEVIATION : 	.19398 
WOULD YOU BELIEVE IT CONVERGED 
VELOCITY RATIO COMPUTATION COMPLETE 
LOCATED ON: 80/07/07. 16.33.05. 
*****************************:********************M*.tV 
THE EVENT OCCURED ON AUG 26, 1979 
AT ORIGIN TIME 3:40: 	.86 +/- 	.588 
EAST TENNESSEE EVENT AFTERSHOCK #10 
MAGNITUDE: / 
THE WEIGHTS ARE 
WX- 1.000 WY- 1.000 






SJAfION PHASE 	HP MIN SEC 4UP-SEC DIST 	AZ 
IVY 	FLG 3 40 4,15 	.50 	21.54 181.5 
IVY SLG-PLG 0 	0 3,70 .50 21.54 121.5 
DRT 	PLO 	3 40 6.70 	.50 	31,10 166.5 
DPT SLO-FLG 0 	0 3,85 .50 31.10 166.5 
DIAGONAL ELEMENTS 











-71.969 - 5.81 
- 5,861 
ERROR ELLIPSE IS AS FOLLOWS: 
SEMIMINOR AXIS LENGTH 
	
5.0181 KM, 
SEMIMAJOP AXIS LENGTH - 22.2387 KM, 
AZIMUTH OF MAJGR AXIS - 
	
6.0361 DEG, 
AREA OF ELLIPSE 
	
350.5928 SO.KM, 
ECCENTRICITY 	 .9742 
MEAN RESIDUAL : 	-.00000 STANDARD DEVIATION 
NO DEPTH COMPUTATION 
LOCATED ON: 80/07/07. 16.56.25. 
************************************************Mti l 
THE EVENT OCCURED ON SEP 12, 1979 
AT ORIGIN TIME 6:24: 4.86 +1- 	.354 
MARYVILLEr TENNESSEE EVENT 
MAGNITUDE: 3.2 
THE WEIGHTS ARE 
WX.' 1.000 WY= 1.000 W7.-= 0.000 WT= 1.000 
















SEC 4,aR -SEC 
(35D!, 20.90M) 
(83Dr52.56M) 
DIST 	A2 ! 17: 
IVY FLG 6 21 14.00 .10 55.91 213.1 
IVY SLG-PLG .10 55.91 212.1 
PET PLG 6 24 15,59 .10 61.01 227.6 
PLT S 	PLG 0 0 7.15 .10 61.01 237.6 
FCT PL G 6 24 13^46 .10 48.62 226,3 .19e 
DRT 6 24 14.05 .10 5.1.04 231,4 
GPG PN 24 11.30 .40 231.95 161.2 
GB6 PLG 6 21 42.30 .20 231.95 164.2 
GP5 SN 25 5.30 .50 221.95 164.2 -1.18 , 
OFG SI...G 6 25 10.70 .20 221.95 161.2 
CH6 P 24 39.00 .40 218.66 145.0 
CH6 PLG 24 41~60 .30 218.66 115,0 
CH6 SLS n 25 9.30 .20 218,66 145.0 1.91] 
ETG PN 6 24 43.70 .20 251.50 168,4 1.05( 
ET5 PLG 24 46^2O ,30 251.5() 168.1 - 
WD5 PN 6 24 42^9O .50 241,12 164.2 
WDG !" 	G 6 24 45,10 .20 211.42 161.2 
FP1 PLG 24 39.90 .10 212.82 112.7 -.68: 
EP1 SLG 25 6^3O .20 213.8S 112.7 
CDG PLG 6 24 24.70 .10 122,55 215.2 
CD5 SLG 24 40.10 .20 122,55 215,3 
OPT PLC 6 24 13,20 - 	7'0' 
FLA PN 6 24 56,00 
CPO PLG 37,00 , 2 









-.134 7.292 -1,690 
-.679 	-1.698 	.760 
ERROR ELLIPSE IS AS FOLLOWS: 
SEMIMINOR AXIS LENGTH = 	2.2279 NJ1. 
SEMIMAJOR AXIS LENGTH = 
AZIMUTH OF MAJOR AXIS = 






MEAN RESIDUAL 	.02056 
NO DEPTH COMPUTATION 
STANDARD DLYTAIT1I 
LOCATED ON: 80/07/07. 17.04.17. 
******************************************Va*************M** 
THE EVENT OCCURED ON SEP 12, 1979 
Al ORIGIN TIME 6:24: 4.79 +/- 	.415 
MARYVILLE, TENNESSEE EVENT 
MAGNITUDE: 3.2 
THE WEIGHTS ARE 
Wx - 1.000 WY= 1.000 WZ= 1.000 WT= 1.000 
IT WAS LOCATED Al 
LATITUDE 	35.5287 	+;- 
LONGITUDE 83.8848 4/- 
DEPTH 	2E,44 
2.113 KM. 	(35D,31.72M) 
2.383 	KM. (8311,53.09m) 
5.830 KM. 
STATION PHASE 	HP MIN SEC +OR -SEC 	DIST AZ ORS-THE 
IVY 	PLO 6 24 14.00 .10 57.23 212.1 -.482 
IVY SIG-PLO 	0 0 6.60 .10 	57,23 212.4 -.172 
PLT 	Erci 	6 24 15.59 .10 62,13 236,2 
PLT SLO -PLO 	0 0 7.15 ,10 	62.43 236.8 -.522 
ECT 	PLO, 	6 24 13.46 .10 50,O6 235,3 .16 
DRT PLO 6 24 14.85 .10 	55.55 230.6 
oRO 	EN 	6 24 39.30 .40 233.21 161.5 .762 
OBO PLO 6 24 42.30 .20 	233 , 21 164.5 -1.268 
OBO 	SN 	6 25 1.90 .50 233.21 164.5 -1,548 
GPO SLO 6 25 10.70 .20 	233.21 161.5 -.282 
CH6 	PO .40 219.19 145.1 .J44 
CH6 PLO 	6 24 41.60 .30 	219.49 115.1 300 
CH6 	SLG 25 9.30 .30 219.49 145.4 2.173 
FIG PC 24 41.70 ,20 	252.81 168,7 ,/// 
ETEJ 	PLO 24 4,20 .30 252.84 168.7 
WDO PC 	6 .50 	215,69 164.5 
WDO 	PIG 24 45,10 .30 245,69 161.5 
EP1 PLO 24 39.90 .10 	211.8 144.0 
FP1 	SLO 25 6.30 .20 214,68 141.0 .524 
CDO PLO 	6 24 24.70 .10 	124.20 215.1 -.850 
CDO 	SLO 24 40.40 ,20 124.20 215.1 .037 
OPT PLO 	6 24 13.30 ,20 	58, ,17 312.7 -1.385 
PLA 	PC 24 51.00 
CPO PLO 	6 21 33.00 ,20 272-7 
PRM 	PO 6 24 36,20 211,52 
DIAGONAL ELEMENTS 
.8292 	1.0190 3.0820 
COVARIANCE MATRIX 
4.513 	-.1..583 4.270 
-1.583 5.739 -.735 -1.307 
.327 	-.735 .174 1.220 
4.270 -1..307 1.280 31.355 
ERROR ELLIPSE IS AS FOLLOWS: 
SEMIMINOR AXIS LENGTH = 1.9691 KM. 
SEMIMAJOR AXIS LENGTH = 2.7781 KM. 
AZIMUTH OF MAJOR AXIS - 55.5801 DEG. 
AREA OF ELLIPSE 17.1259 SP.KM, 
ECCENTRICITY = .1051 
MEAN RESIDUAL : 	.01453 STANDARD DEVIATION 
WOULD YOU BELIEVE IT CONVERGED 
VELOCITY RATIO COMPUTATION COMPLETE 
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Objectives of Project: 	The main purpose of this project is to examine 
thermal convection in long, deep, but very narrow vertical fracture 
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Summary 
This 	report 	is 	the 	product resulting from a theoretical 
investigation of thermal convective processes in the earth's crust with 
relevance 	to geothermal 	systems. 	The work involved three main 
divisions: 1) convection in a fault or fracture zone; 2) convection in 
fluid-filled fractures; 3) convection in porous layer with a radiative 
condition on the upper boundary. The principal effort contained in this 
report concerns division 1); divisions 2) and 3) have been treated fully 
in earlier, semi-annual reports and have been described in less detail 
here. The principal results from each of these divisions are: 
1. 	Convection in a fault or fracture zone. Under finite amplitude 
conditions with 5Rc <R<10Rc , in a homogeneous, isotropic porous material 
with fault-like geometry, and bounded by either perfectly conducting or 
imperfectly 	conducting 	walls, the cell pattern is weakly three- 
dimensional. The geometry is such, however, that the velocity 
perpendicular to the fracture aperture is significantly less than in the 
other two directions. The pattern thus approximates that of two-
dimensional transverse rolls. The results obtain regardless of initial 
perturbation or aspect ratio. Comparison with field data tends to 
confirm the theoretical cell pattern results. 
In fault zones with anisotropic permeability conditions, the 
critical Rayleigh number is less than or greater than that for an 
isotropic medium, depending on whether the horizontal permeability is 
less than or greater than the vertical. For a given fault aspect ratio, 
the cell aspect ratio increases as the vertical permeability increases 
with respect to the horizontal. 
2. Convection in fluid-filled fractures. 	In a single fixed-width 
fracture, the outlet temperature and flow rate decreases in time as t
-1/4 
If the fracture is allowed to undergo thermal expansion, the flow rate 
increases as t
1/2 
and the temperature falls as t
-1
. 	In a system of 
fractures, however, the thermal expansion effects are bounded, having a 
lessened influence on a time scale 	>h
2
/a, where h is the distance 
between adjacent fractures and a is the thermal diffusivity. In a 
single fracture, temperature and velocity variations across the fracture 
aperture are negligible. 	For a closely spaced system of fractures, 
however, such temperature variations may be important with regard to 
some geochemical processes. 
3. Convection in a porous layer with a radiative condition on the  
upper boundary. 	As the heat transfer coefficient decreases, the 
critical Rayleigh number increases, and the cell wavelength decreases. 




This document represents the final technical report on the research 
on thermal convection in fault and fracture zones which has been 
conducted under grant 14-08-00001-G-540. This work has been a 
continuation of an effort initiated under USGS grant 14-08-00001-G-365 
as part of the Extramural Geothermal Research program. The initial 
phase of the work was done in conjunction with Dr. Gunnar Bodvarsson of 
Oregon State University; however, his group has not been involved in the 
present effort. 
The principal research tasks which have been performed over the 
duration of the current project have been: 
(a) a determination of the critical Rayleigh number for the onset 
of convective instability in a slab of porous material with a mixed 
(radiative) thermal condition on the upper boundary. 
(b) an investigation of the temporal evolution of convection in 
narrow, open, fluid-filled fractures, including thermoelastic effects as 
well as a non-uniform velocity and temperature profile across the 
fracture aperture. 
(c) an investigation of convection in a permeable fault or 
fracture zone, including the effects of anisotropic permeability on the 
critical Rayleigh number as well as finite amplitude convection in a 
porous zone imbedded in an impermeable layer of rock having a finite 
thermal conductivity. 
The research performed under current project has formed the basis 
of one M.S. thesis and has served as an important section of a second 
M.S.thesis, both of which have been completed. There have also been two 
presentations and three papers published; however some of the material 
for these papers was developed under the initial phase of the research 
(under G365). A paper containing the finite-amplitude studies is 
currently in preparation. 
The research tasks performed under items (a) and (b) above, have 
been thoroughly presented in earlier technical reports and the results 
will only be briefly summarized here. The emphasis in this report will 
be on the study of finite-amplitude convection in a fault zone, which 
has not been reported on earlier. The main body of the report which 
follows will be divided into subsections: II. General Framework and 
Objectives; III. Convection in a Fault or Fracture Zone - Finite 
Difference Models; IV. Convection in a Fault or Fracture Zone - 
Anistropic Permeability; V. Convection in a Fluid-Filled Fracture; VI. 
Convection in a Porous Slab with a Radiative Upper Boundary Condition; 
VII. Bibliography; VIII. Students Supported and Theses; IX. Papers and 
Publications. 
II. GENERAL FRAMEWORK AND RESEARCH OBJECTIVES 
The energetics of geothermal systems depends fundamentally upon 
patterns of heat transport and fluid flow within heated, highly 
permeable regions of the earth's crust. The ultimate source of heat for 
many geothermal systems is undoubtedly of magmatic origin, but, in some 
cases the geothermal fluid is heated at depth as a result of an 
unusually high geothermal gradient. Most of the systems in the Basin 
and Range province are probably of the latter type (White and Williams, 
1975). 
Of even more importance, however, is the nature and distribution of 
permeability within the geothermal reservoir. 	The permeability may 
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either be primary, resulting from interconnected pore spaces within the 
rock volume or secondary, resulting from fractures and/or fault zones. 
In all geothermal fields currently under production, the geothermal 
fluids are withdrawn from discrete fractured regions within the 
reservoir, yet most mathematical modeling of geothermal systems has 
assumed a Darcian type of flow through a rock with a bulk permeability. 
That is not to say that it has been necessarily assumed that the 
permeability is of a primary type, but rather than one normally assumes 
the fractures to be on such a fine scale that, for mathematical (or 
numerical) convenience, the Darcy flow model is appropriate on spatial 
scales of the order of the reservoir dimensions. 
The mathematical treatment for the onset of thermal convection 
under such assumptions follows the method of Lapwood (1948), or some 
deviant of it; and the treatment of finite amplitude convection uses the 
same basic perturbation equations with the addition of higher order, 
non-linear transport terms which are neglected in the linear stability 
analysis. These models have provided many useful results with regard to 
the physics of geothermal systems, but often this approach may be quite 
unrealistic. Geothermal systems in which main permeability is furnished 
by narrow, discrete, widely separated fault and/or fracture zones 
imbedded in an otherwise impermeable rock are better handled by somewhat 
different techniques. Examples of the latter systems are found in 
Iceland, where dikes provide the main vertical permeability, in the 
Basin and Range, where long, deep, master faults probably provide the 
main vertical permeability (Hose and Taylor, 1974), and possibly in the 
oceanic crust (Lowell, 1975; Sleep and Wolery, 1978). 
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The principal purpose of this research has been to examine thermal 
convection in long, deep, but very narrow vertical fracture spaces. The 
initiation and temporal evolution of the physical processes have been 
studied on the basis of mathematical-physical approximation methods and 
finite difference techniques. The results have been interpreted with 
regard to known geothermal systems in the Basin and Range and other 
regions where major faults and fractures are the structures controlling 
the permeability. 
III. CONVECTION IN A FAULT OR FRACTURE ZONE 
The initial work on thermal convection in permeable material was 
done by Lapwood (1948), who assumed an infinite isotropic, homogeneous 
porous slab with plane horizontal boundaries and heated from below. 
Since Lapwood's original paper, much work has been done on convective 
instability in a porous medium, including determination of a critical 
number in the case of temperature dependent fluid properties (Straus and 
Schubert, 1977; Kassoy and Zebib, 1975), and anisotropic permeability 
(Wooding, 1976). Finite amplitude results have also been obtained (e.g. 
Straus, 1974; Ribando et al., 1976). Of particular interest, however, 
are the recent results on convection in a closed porous container (Beck, 
1972; Holst and Aziz, 1972; Zebib and Kassoy, 1977; Murphey, 1979; 
Straus and Schubert, 1978; Lowell and Shyu, 1978; Lowell, 1979b, c; 
Shyu, 1979). 
The results to date have several shortcomings with regard to an 
analysis of convection in a fault zone. The different model assumptions 
made by the various investigators as regards the condition for the onset 
of instability have led to a somewhat confused picture as to the cell 
pattern at the onset of instability and possible modifications of the 
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cell pattern under finite amplitude conditions. 	The only finite- 
amplitude results (Hoist and Aziz, 1972; Straus and Schubert, 1978) have 
been for steady-state systems with insulated vertical walls, which is 
not a realistic condition for a natural system. Moreover, the models 
have not considered containers with a fault-like geometry (i.e. a 
container with one horizontal dimension much shorter than the vertical 
and the other horizontal dimension). The particular questions which 
have been addressed in the present research are: (1) Is the cell pattern 
three-dimensional or two-dimensional? (2) If two-dimensional, are rolls 
aligned with axes across the fracture aperture (as in Murphy, 1979, 
Beck, 1972) along the strike of fracture (as in Lowell and Shyu, 1978; 
Shyu, 1979)? (3) Does the cell pattern at finite-amplitude depend upon 
initial and/or boundary conditions, or aspect ratio? (4) Does the cell 
pattern change in time? 
We have tried to answer those questions by developing finite-
difference models of thermal convection in rectangular boxes with fault-
like geometry. The fluid motion was assumed to be three-dimensional and 
the Rayleigh number supercritical, based on the critical value for 
perfectly conducting walls given by Shyu (1979). For all models, the 
short walls of the box were assumed to be insulated; the long walls were 
assumed either to be perfectly conducting or to be bounded by a block of 
impermeable rock having a finite thermal conductivity. The top and 
bottom planes were assumed to be impermeable and at constant 
temperature. Various initial perturbations and aspect ratios were used 
and the system was allowed to evolve in time, the final output being a 
representation of the velocity field at representative planes and the 
conductive heat flow field through the upper surface of the container. 
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The results were interpreted with regard to known geothermal systems in 
which fractures and faults are dominant controlling structures. 
A. 	Basic Equations  
Figure 1 depicts a simple model of a porous fault zone imbedded 
between two impermeable blocks, and inclined at an angle e to the 
vertical. In the cases discussed below, e was assumed to be 90 ° so that 
the acceleration due to gravity, g, acted in the negative x direction. 
The pertinent equations of conservation of mass, momentum and energy for 
the porous zone were respectively: 
V. v = 0 	 (1) 
the fluid being assumed to be incompressible; 
v = -(K/n )(vP-pf6) 	 (2) 
inertial terms being neglected; 
(pc) m aT/at = xmv2T - pfc f-‘:i.vT 	 (3) 




T = (p c 	)9Tht s s s 
The symbols are defined in Table I. 
Solutions to equations (1) through (4) were subject to boundary 
conditions: 
v.n = 0 
	
(5) 




Figure 1. Basic physical system with its dimensions and boundary 
conditions of the temperature 
TABLE 1. LIST OF SYMBOLS 
a 	thermal diffusivity; cell wavelength (Ch. VI.) 
A 	aspect ratio Lz/Lx 
B 	aspect ratio L /L 
z y 
c 	specific heat 
d 	fracture width 
g 	gravitational acceleration 
h 	fracture spacing; slab thickness (Ch. VI.) 
k 	permeability 
L 	dimension of porous zone in direction of subscript 
M 	horizontal dimension of impermeable material 
P 	pressure 
q 	mass flow rate in fracture 
R, Ry 	Rayleigh number 
R
c 	
critical Rayleigh number 





temperature at cold boundary; boundary temperature (Ch. V.) 
T
1 	
temperature at hot boundary 
AT
o 
temperature difference between hot and cold boundaries 
u 
	
	x component of Darcian fluid velocity; displacement of fracture 
wall (Ch. V.) 
v 	y component of Darcian fluid velocity 
w z component of Darcian fluid velocity 
÷ 
✓ Darcian velocity vector 
x,y,z 	Cartesian coordinates 
GREEK LETTERS 
a*,e thermal expansion coefficient 
✓ DEL operator 












Y 	ratio of vertical to horizontal permeability 
heat transfer coefficient 
n viscosity 
e 	angle of inclination (Figure 1), fluid temperature in open 
fracture system (Ch. V.) 
A 	thermal conductivity 
P 	density 
T 	thermal interference time 
vector potential (10 1 , 1,0 2 , 11) 3 ) 
SUBSCRIPTS 
f 	fluid 
m 	solid-fluid mixture 
s 	solid 
o cold surface 
SUPERSCRIPTS 
dimensionless quantity 












' 	 y = 0, 
aT/ay= 0 at 	 (7) 
y = Ly  
and 












z = M+Lz+L 
In cases in which the impermeable rock was ignored (8) was applied to 
the appropriate boundaries of the porous zone. 
Finally, the fluid density was governed by an equation of state 
Pf = p(1 - 0(T -T0 )) 
	
(9) 
which was substituted into the buoyancy term in (2) (i.e., the 
Boussinesq approximation). 
Following Holst and Aziz (1972), the equations were simplified by: 
a) 	introducing a vector potential ; = (V 1 , 	V3 ,) defined 
by 
(1 0) 
b) taking the curl of equation (2) to eliminate the pressure 
c) non-dimensionalizing the resulting equations as well as the 
heat transport equations (3) and (4) by introducing 
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' 	 A 
x = x I L
x 
, y = L
y













4)1 	= CPP1' 	4)2 	 = = LzQl 	, `3 	LyQ *3 
The final, dimensionless equations were, in the porous zone 
';' 2T 1 —AN 1 (aT 1 /ax 1 )+v 1 (aT 1 /9y 1 ) 4w 1 (aT I /az 1 )] 
= aT'/at' 
	
2 	, v = —ARar/az' 
,T7 213 , 	AB2R 3T,Ayi (13) 
u' 	=all) 3 '/ay' 	—4 2 1 /az' (14) 
v'= 	alPx 1 /ax' 









is the Rayleigh number; whereas in the conducting regions 
-2 v T = D 3 -1 1 /at l 
held, where 
D = p sc s Xm/pmcm A s 




Equations (11) through (17) were solved numerically using the 
method of finite-differences. Details of the numerical procedure are 
given in Hernandez (1980). 
B. 	Results  
For the purpose of this study, the aspect ratios A and B were 
assumed to be equal. The procedure was to first select a wall boundary 
condition and aspect ratio, then for a fixed Rayleigh number to choose a 
variety of initial velocity perturbations. The temperature distribution 
and velocity components were sampled at time intervals so that the 
temporal evolution of the cell pattern could be monitored as a function 
of the initial velocity perturbation. The velocity field was depicted 
as a vector at each grid point on the six exterior surfaces of the 
porous zone and a computer subroutine was used to print out the results. 
Occasionally, the velocity field at some interior plane was also so 
depicted. In addition, a three-dimensional representation of the 
surface heat flow was made for each model in order to compare the fault 
zone model with observed heat flow patterns associated with fault 
controlled natural geothermal systems. 
In the results presented below, the circulation velocities are 
given assuming fault zone widths of 1 km and 100 meters for assumed 
aspect ratios of A = B = 0.1 and 0.01, respectively. For all models the 
Rayleigh numbers were chose to be R = 5R
c 





was assumed to be the critical number for perfectly conducting walls 
of the proper aspect ratio as calculated by Shyu (1979). 
B.1 Conducting Walls  
As a first step, the conducting wall model with aspect ratio A = B 
= 0.1 and R = 5R
c 
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0.00 	1.00 	0.00 	1.00 
Y= 0.0 	 Y= 1.0 
	
X= 0.0 	 X= 1.0 
MAX vx., 13.7 M/Y 
	
MAX VX- 20.1 M/Y 
	
NAX Vr. 2.3 M/Y 
	
MAX VY. 9.3 11/Y 
MAX (z,.. 1.9 h1/7 MAX Vb. 3.4 1g/7 MAX VZ. 2.4 WY MAX W. 2.4 M/v 
A. 
Figure 2. a), c) and d) shows the flow vectors at the faces of a porous 
box. The faces at z=0, 1.0 are perfect conductors. b) shows 
a 3-D plot of the heat flow at the upper surface. A=B=0.1, 
R=5Rc and t=5,000 years. Initial condition: fluid was caused 
to rise in the corner x=y=z=0. 
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MAX VX. 16.4 M/Y 
MAX VY.. 15.9 M/Y 
C. 
Z= 1.0 
INX 	19.4 Lin 
MAX W. 15.9 M/Y 
D. 





















°0.00 1 00 1 00 0.00 
Y= 0.0 	 Y= 1.0 	 X= 0.0 	 X= 1.0 
MAY vx. 14 .7 hirr 
	
MAX VXc 15.0 Mir 
	
MAX VN = 57 Mfr 
	
MAX VY. 5.6 M/Y 
MAX VZ- 1.9 M/Y MAX V.Z. 2.0 Alit MAX VZ. 2.1 M/Y MAX V2. 2.0 M/Y 
A. 
Figure 3. a), c) and d) show the flow vectors at the faces of a porous 
box. The faces at z=0, 1.0 are perfect conductors. b) shows 
a 3-D plot of the heat flow at the upper surface. A=B=0.1, 
R=5Rc and t=12,000 years. Initial condition: fluid was caused 
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Z= 0.0 
• VX- 15.0 1.1/Y 
▪ VY. •.4 IVY  
O 
10.00 	0.00 2.00 	4.00 	6M0 
Z= 1.0 
MM vxm 15.0 WY 
MAX yr: 9.4 1,1/Y 
8.00 	10.00 
C. D. 
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Y= 1.0 	 X= 0.0 	 X= 1.0 
sox VX= 14.9 WY 	MAX VX= 14.9 M/Y 	MAX VI= 5.3 M/Y 	MAX VY= 7.3 M/Y 
MAX 1/Z= 1.9 WY MAX VZ= 1.9 M/Y MAX VZ= 2 . 1 M/Y MAX VZ= 1.9 WY 
A. 
Figure 4. a), c), d) and e) show the flow vectors at the faces of a porous 
box. The faces at z=0, 1.0 are perfect conductors. b) shows a 
3-D plot of the heat flow at the upper surface. A=B=0.1, R=5Rc 
and t=12,000 years. Initial condition: fluid was caused to rise 
along x=z=0. 
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Figure 4. (Continued) 
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WAX VIC- 28.4 M/Y 
MAX VZ= 3.8 	IVY 
Y= 1.0 
WAX VY= 28.4 Mir 
LAX VZr 3.8 	WY 
Figure 5. a), c) and d) show the flow vectors at the faces of a porous 
box. The faces at z=0, 1.0 are perfect conductors. b) shows 
a 3-D plot of the heat flow at the upper surface. A=B=0.1, 
R=10R c and t=2,000 years. Initial condition: steady flow 
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C. 	 D. 
Figure 5. (Continued) 
in the exterior planes and the heat flow through the upper surface at 
time t = 5,000 and 12,000 years, respectively. The initial perturbation 
was in the form of a small upward velocity in the corner x = y = z = 0. 
The velocity field indicates a three-dimensional convection pattern; 
however, the velocity in the z direction (across the fracture aperture) 
is considerably smaller than in the other two directions. The pattern 
generally resembles two dimensional rolls with axes parallel with the z 
direction, hereafter termed'transverse rolls'. The fluid rises along the 
insulated walls and sinks at the center. The heat flow pattern further 
corroberates the suggested flow pattern. It may be observed that the 
asymmetry which is apparent at t = 5,000 years (Fig. 2) has disappeared 
at the later time (Fig. 3). The early assymmetry is presumably due to 
the asymmetry in the initial perturbation. 
Figure 4 shows the flow pattern, and heat flow, at 12,000 years for 
the identical system as in Figs. 2 and 3, except that the initial 
perturbation velocity was directed upward along the line x = z = 0. 
Such a perturbation would tend to lead to rolls oriented with axes 
parallel to the y direction, hereafter termed'longitudinal rolls'. The 
system, however, rapidly evolved into transverse rolls, as in the case 
shown in Figs. 2 and 3. 
Figure 5 shows the development after 2,000 years of a system with A 
= S = 0.1 and R = 10R
c
. 	The initial condition was the velocity field 
at R = 5Rc 
at t = 12,000 years. 	The principal of effect of the 
doubling the Rayleigh number was to double the fluid velocity. 
13.2 Imperfectly Conducting Walls  
For these cases, the vertical conducting walls were replaced by 
blocks of impermeable material of finite thermal conductivity. Figures 
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6 and 7 show the temporal development of the convection pattern under 
the same conditions as given for the system depected in Figs. 2 and 3, 
(A = B = 0.1, R = 5Rc , initial perturbation at front lower left-hand 
corner). The flow pattern is much more irregular than in the case with 
conducting walls. There is a pronounced tendency towards the 
development of transverse rolls, the roll at the end of the porous zone 
far from the location of the initial perturbation being more clearly 
formed. It is clear that the impermeable, conducting material bounding 
the porous zone substantially influences the development of the cell 
pattern. Because of the finite conductivity of the boundary material, 
the effect of the initial condition is not as readily dissipated by the 
convective circulation as in the case of perfectly conducting 
boundaries. 
Figures 8 and 9 show the cell pattern and heat flow for systems 
with R = 5Rc and R = 10Rc , respectively, in which the initial 
perturbation was a small upward velocity placed at the base of zone and 
along the two insulated end walls. Such a perturbation was expected to 
lead to transverse rolls; and in fact such was the case, as Figs. 8 and 
9 show. 
Figure 10 shows the pattern for R = 	10Rc for an initial 
perturbation placed at the base of the porous zone, and along a wall 
contacting the permeable and impermeable zone (in at attempt to induce a 
longitudinal roll). 	The cell pattern is somewhat complicated, but 
basically depicts transverse rolls. 	The heat flow pattern is quite 
asymmetric, and even after 13,600 years, the influence of the initial 
condition is still apparent. 
Finally, two cases were modeled in which the aspect ratio was 
changed to A = B = 0.01. 	Figures 11 and 12 show the situation at 
-25- 
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A. 
Figure 6. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.1, R=5Rc and t=5,000 years. Initial condition: fluid 
was caused to rise in lower, left-hand corner at y=0. 
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Figure 7. a), c) and d) show the flow vectors at the faces 
in contact with material of finite heat conducti 
a 3-D plot of the heat flow at the upper surface 
R=5Rc and t=12,000 years. Initial condition: fl 
to rise in lower left-hand corner at y=0. 
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Figure 7. (Continued) 
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A. 
Figure 8. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.1, R=5Rc and t=12,000 years. Initial condition: fluid 
was caused to rise along the planes y=0, 10 
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Figure 8. (Continued) 
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Figure 9. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.1, R=10Rc and t=7,000 years. Initial condition: fluid 
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Figure 10. a), c) and d) show the flow vector of the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.1, R=10R c and t=13,500 years. Initial condition: fluid 
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Figure 10. (Continued) 
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Figure 11. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.0;,R=5Rc and t=6,000 years. Initial condition: fluid 
was caused to rise along the left-hand, basal edge of porous 
zone. 
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Figure 12. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.01, R=5Rc and t=13,500 years. Initial condition: fluid 
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Figure 13. a), c) and d) show the flow vectors at the faces of a porous 
box in contact with material of finite heat conductivity. 
b) shows a 3-D plot of the heat flow at the upper surface. 
A=B=0.01,R=10Rc and t=6,000 years. Initial condition: fluid 
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Figure 13. (Continued) 
different times for R = 5R
c 
for an initial perturbation selected to 
induce a longitudinal roll. The figures indicate a tendency to form 
transverse rolls despite the initial forcing. Again, because of the 
finite conductivity bounding material, the asymmetry arising from the 
input perturbation is still apparent. Figure 13 depicts the flow 
pattern for R = 1OR
c for an initial perturbation designed to induce 
transverse rolls. Such rolls were rapidly formed. 
C. Discussion and Conclusions  
C.1 Preferred Cell Pattern - Role of Initial Condition  
The 	principal 	purpose 	for 	choosing a variety of initial 
perturbations was to try to resolve some of the seemingly conflicting 
results in the literature regarding the cell patterns in confined 
convecting fluids in porous media with fault-like geometry. Basically 
the conflict appears as follows: a) Beck (1972) for containers with 
insulated walls, showed that at R = R
c' 
the cell pattern took the form 
of transverse rolls. b) Lowell (1977a, c) and Lowell and Shyu (1978), 
however, showed that for perfectly conducting walls, the motion at R = 
R
c 
took the form of longitudinal rolls. Furthermore, Shyu (1979) 
determined the critical Rayleigh number R c for several fault models, 
assuming two-dimensional longitudinal rolls. c) Murphy (1979) pointed 
out an error in Lowell (1977a, c). Murphy contested that Lowell's 
results actually give rise two-dimensional transverse rolls, and 
therefore Murphy assumed transverse rolls in order to determine R c for a 
fault zone with imperfectly conducting walls. 
While I agree with Murphy's observation of error in Lowell (1977a, 
c), I believe Murphy's correction leads to a 3-dimensional pattern 
rather than transverse rolls (Lowell, 1979, unpublished calculations). 
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Moreover, Lowell and Shyu's (1978) results indicated that R c for a 
three-dimensional pattern was only slightly greater than for two-
dimensional longitudinal rolls, and they suggested that at finite 
amplitude the 3-D pattern might be preferred. Finally in cubic 
containers with insulated walls and for R
c 
< R < 5R
c' 
Straus and 
Schubert (1978) showed that either a two or three dimensional pattern 
could be generated by a suitably chosen initial condition. 
In regard to the above conflict as to the preferred cell pattern in 
containers with fault-like geometry with perfectly or imperfectly 
conducting walls under finite-amplitude conditions, the model studies 
conducted here can be summarized: 
1. In models with perfectly conducting walls, the flow is weakly 
three-dimensional. 	Thus the suggestion made in Lowell and Shyu (1978) 
is affirmed, the transverse velocity is significantly less than the 
longitudinal; and hence the pattern, in the main, has the appearance of 
2-D transverse rolls. This pattern obtains even if the initial 
condition tends to force longitudinal rolls. The result does not appear 
to depend on R for 5R c < R < 10R c . 
2. In models with imperfectly conducting walls, the flow tends toward 
2-D transverse rolls, regardless of the initial condition. Asymmetries 
in the initial condition are not quickly dissipated, due to the finite 
thermal conductivity of the wall material; however, transverse rolls are 
quickly established in models in which the initial condition is more 
conducive. 
The results presented here do not resolve the question of the 
preferred cell pattern at initial instability R = R c . 	At finite 
amplitude, 	however, the preferred pattern definitely is that of 
-43- 
transverse rolls. Thus the results of Straus and Schubert (1978) as to 
an initial condition associated non-uniqueness do not carry over to the 
present models. It is not entirely clear if the non-uniqueness is 
resolved by the application of different boundary conditions on the 
vertical walls or by the fault-like geometry of the container. More 
than likely it is the geometry which is the determining factor. 
The results presented here also strongly suggest that Shyu's (1979) 
models cannot be carried into the finite amplitude regime. There is no 
indication that longitudinal cells persist at R>5R
c' 
regardless of the 
boundary conditions or aspect ratio. 
C.2 Application to Known Geothermal Systems  
Available data on fault-controlled geothermal systems is very 
sketchy; so it is difficult to compare the model results with field 
data. Two thermal anomalies which appear to be fault controlled are the 
East Mesa Anomaly in the Imperial Valley, California (Swanberg, 1975) 
and the Izmir-Seferihizer Area in western Turkey (Esder and Simsek, 
1975). In both of these areas, Figures 14 and 15, respectively, the 
heat flow, or thermal contours, as the case may be, show an alternating 
pattern of highs and lows which follow the linear trend of the fault 
zone. The spatial scales are of the order of a few kilometers for both 
areas and the thermal pattern may be associated with the ascending and 
descending portions of transverse convective rolls within the fault 
zone. Thus it may be possible to model the thermal anomalies with 
fault-zone convection models of the type presented here, e.g. see Figs. 8 
and 13. At present, both the field data and the models are too 
unrefined to offer more than a qualitative comparison. 
IV. CONVECTION IN A FAULT OR FRACTURE ZONE - ANISOTROPIC PERMEABILITY 
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Figure 14. Distribution of the heat flow over the East Mesa heat flow anomaly and Border anomaly 
(Southeast Lobe). Data from Swanberg (1975). 
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Figure 15. Isotherm contour map for 100 m. depth inside the Graben-I in 
the Izmir-Seferihisar area. Data from Esder and Simsek (1975). 
quite complicated. 	Regional stresses may give rise to a preferred 
orientation of fractures and hence to anisotropies in the permeability. 
There is little data available, but one might intuitively expect that 
vertical permeability and permeability along the strike of the fault or 
fracture may be larger than the permeability transverse to the 
structure. 
The critical Rayleigh number for the onset of convection has been 
determined for several idealized cases of anisotropic permeability and 
for fracture zones with either insulated or conducting vertical walls 
aligned along the strike. For insulated walls, the convection pattern 
at R = R
c 
was shown to be transverse rolls, whereas an approximate 
solution assuming conducting walls indicates a 3-D pattern. (An analogy 
with the numerical models discussed in section III, however, would 
suggest that the pattern is only weakly 3-D and that at finite amplitude 
transverse rolls would ensue. Table 2 summarizes the principal results, 





 and Y is the ratio of the vertical to the horizontal permeability. 
Table 2 shows that if 1 < 1, Rc < Rcoso , whereas if 1 > 1, Rc > 
.so =4.1r2 , the critical Rayleigh number under isotopic conditions. Rco 
Moreover, for a given fault aspect ratio, the cell aspect ratio 
decreases as Y increases. These results applied qualitatively to the 
the Double Hot Springs area of the Basin and Range, Figure 16, (Hose and 
Taylor, 1974) suggest that vertical permeability of the fault zone may 
be greater than the horizontal. 
Details of these calculations have been reported earlier (Lowell, 
1977b, 1979b, 1979c). 
V. 	CONVECTION IN A VERTICAL FLUID-FILLED FRACTURE 
The basic model for free convection in a narrow, fluid-filled open 
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TABLE 2. CRITICAL RAYLEIGH NUMBERS AND MODE FOR 
SEVERAL VALUES OF ANISTROPY AND FAULT ZONE LENGTH, 
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Fi gure 16. Hot spring along fault, Double Hot Springs - Black Rock area 
(from Hose and Taylor, 1974). 














fracture, or fracture system, has been derived by Lowell (1975). 
Lowell's model stems from the earlier work on temperature of water 
flowing in fractures under an unspecified driving force (Bodvarsson, 
1969). Bodvarsson (1978) has done further work on some aspects of 
convection in open fractures - in particular, the temporal development 
and thermoelastic effects. The emphasis in the present study has been 
on three topics: the temporal development of convection in a single 
fracture, the temporal development of convection in a system of 
fractures, including thermoelastic effects, and convection in a 
fracture, or system of fractures, in which the velocity and temperature 
are allowed to vary accross the fracture aperture. The details of this 
work have been reported previously, and only a brief summary of the main 
results will be given here. 
A. Temporal Evolution  
The basic equations of Lowell (1975) were separated into spatial 
and temporal variables. By assuming that heat transfer from the rock to 
the fluid in the fracture varied as 









where 	q, 	e are 	convective 	flow 	rate and fluid temperature, 
respectively. The similar time dependence of q and e were shown to 
agree with the numerical results of Lowell (1975). Details of this work 
were given in Lowell (1979a). 
B. Thermoelastic Effects  
The above result for the temporal revolution of the flow rate and 
fluid temperature was made under the assumption of a constant fracture 
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width. 	Bodvarsson (1978) showed, however, that for a single fracture, 
imbedded in an infinite homogeneous half-space, that thermal contraction 






indluding this effect in the model of Lowell (1979a) led to 











These results indicate that as the system cools, thermal expansion of 
the fracture increases the permeability so much that the convective flow 
rate increases monotonically with time. On the other hand, the 
temperature is decreasing with time, so that the convective heat 
transport q e decreases as t-1/2,  as in case of no thermal expansion. 
Nevertheless, the concept of monotonically increasing permeability 
based on a single fracture is an oversimplification that is intuitively 
unsatisfactory. In natural systems, one would expect, rather, a system 
of closely spaced fractures. In this situation, thermal interference 
between the adjacent fractures will slow the rate of expansion, and will 
ultimately lead to a final, equilibrium fracture width. To illustrate 
this effect the conductive heating, or cooling, of a slab of thickness 
2h which has isothermal boundaries at temperature T o (see Carslaw and 
Jaeger, 1959, p. 100 and p. 309). Based on these temperature 
distributions one finds that the displacement u of the boundaries, due 
to thermal expansion is: 
u 
,1/2 
cc L (23) 
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f is the final displacement, a* being the thermal expansion 
coefficient. The t
1/2 
dependence found for small values of time is 
reasonable since, in this case, there is no thermal interference,and it 
is as if the fracture is bounded by a semi-infinite medium. Equation 
(14) gives a useful estimate of the maximum amount of opening or closing 
of a set of parallel fractures imbedded in impermeable rock. For 




Thus fractures of 1 mm width and separated by 2 m or more may close due 
to thermal expansion effects. Conversely, the fractures may double in 
width due to thermal contraction. Since the flow rate varies as d
3 
a 
doubling of the fracture width would lead to an eightfold increase in 
the flow. 
Another useful rule which can be obtained on the basis of these 
results, involves the time scale on which thermoelastic effects are 
important in geothermal systems. Thermoelastic effects should decrease 
once there is appreciable thermal interference. Thus, the time at 
which thermal interference effects dominate is given by: 
T > h
2
/a 	 (25) 




/sec, (25) shows that: 
h = 1 m; T = 10
6 
sec. 
h = 10 m; T = 108 sec. 
h = 100 m; T = 10 10 sec. 
Thus in natural, undisturbed geothermal systems, thermoelastic effects 
may be important on time scales of a few hundred years, or less, which 
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is short compared to the lifetime of a geothermal system. On the other 
hand, thermoelastic effects may be very important in natural systems 
under production as well as in man-made, hot, dry rock reservoirs. 
Details of these calculations were given in Lowell (1979b). 
C. Effect of Non-Uniform Velocity and Temperature Across the Fracture  
Aperture  
All the studies of convection in open fractures which have been 
done previously have assumed a uniform velocity and temperature across 
the aperture of the fracture. In reality, however, assuming a smooth, 
flat-walled, fracture, a laminar flow will give rise to a parabolic 
velocity profile. There will also be, partially as a consequence of the 
velocity profile, a temperature variation across the aperature. These 
variations are expected to be small and may be unimportant as regrads 
the overall heat transfer characteristics of the fracture; however, 
geochemical effects such as clogging of the fractures due to 
precipitation of certain chemical species (e.g. silica) and other water-
rock interactions may depend critically upon details of temperature 
structure within the fracture. 
An estimate of the magnitude of the temperature variations across 
the aperture was made under the assumption of a given velocity field 
with a parabolic profile across the fracture aperture, periodic along 
the strike of the fracture, and vanishing at the upper and lower 
boundaries. The initial geothermal gradient was assumed to be uniform; 
and the velocity field was assumed to be small enough that a first 
order, linear perturbation analysis could be used to find the 
temperature variations arising from the imposed velocity field. The 






where h was the half width of the fracture and L 
the distance between adjacent fractures. For widely spaced fractures 
h/L - 10
-5
, whereas for closely spaced fractures h/L = 10
-2
. Thus the 
temperature effects will be negligible if the fracture spacing is large; 
however, it may be potentially important for closely spaced fracture 
systems. In this latter case, it may be useful to go beyond the linear 
analysis used here. 
Details of this work were given in Lowell (1980). 
VI. CONVECTION IN A HORIZONTAL, POROUS SLAB - RADIATIVE TOP BOUNDARY 
CONDITION 
To date studies of the onset of convective instability in an 
infinite, porous slab of thickness h, bounded by horizontal planes have 
focused on thermal boundary conditions in which either the temperature 
or heat flux through the surface has been prescribed. In the natural 
setting, however, the porous zone is often overlain by a layer of 
impermeable cap rock. In this case, it is more reasonable to consider a 
mixed, i.e. radiative, boundary condition on the upper surface. That 
is, the cap rock may be assumed to act as a thin skin of poor conductor 
and zero heat capacity through heat transfer takes place. The thermal 
boundary condition would then be of the form 
Am3T/Dx + cT = 0 
	
(26) 
where c is the heat transfer coefficient. 
Using the standard linearized perturbation technique, assuming 
exchange of stabilities, leads to a transcendental equation for the 
Rayleigh number R : 
Y 
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-2k = D cot D + Q coth Q 	 (27) 
where 
R = 01/Am 








1/2 	2,1/2 Q = [(R
y
n) 	a + a J 







, the dimensionless semi-wavelength. 
Figure 17 gives solutions of equation (27) for some values of k. The 
critical Rayleigh number RY  is denoted. 	The results in Figure 17 
show that as k gets large approaches the critical value of 
4.0
.2 
for a isothermal upper boundary. As k decreases, the critical 
Rayleigh number increases slightly and the semi-wavelength decreases 
slightly. It is not until k - 1 that the radiative boundary 
condition produces a significant change in R y . 
To interpret these results for a natural geothermal system, let the 
heat transfer coefficient C E x9d, where A' is the thermal 
conductivity of the cap rock, and d is its thickness. Then F = 
(xyA m )(h/d). Assuming a thickness ratio of 10 and a conductivity ratio 
of 0.25 gives k = 2.5. For these values Ry is increased by 
about 20% and the cell aspect ratio is decreased by approximately the 
same amount. A thickness ratio of 10 is, perhaps, a little extreme; 
e.g. a cap rock of 300m overlying a porous layer of 3 km, but not 
totally out of line. Moreover, for such a thick layer of cap rock, its 
capacity is probably not negible, as assumed here. 












Figure 17. Rayleigh number versus semi-wavelength for 
isothermal bottom, rigid upper surface. 
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